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ABSTRACT

Multi-layered molecular(i.e. lipids, metabolites, and proteinseadoutscanprovide deeper insights into
biochemical cascades and disease mechanisms. Mass spect(MBatmasemerged asreinvaluableand
elemental analytical tool to stuttyese molecular componeimsiological systemdPeroxisomes aamall,
omnipresensubcelular organelleghat perform a wide range of functions in humiagalth and disease.

They participate in numerousdegradative and biosynthetigrocessesincluding lipid metabolism.
Peroxisomaldysfunction leads to devastatiggnetichumandisorders namelyperoxisomal biogenesis
disordergPBDs)and single proxisomal enzyme deficienci@BEDs) PBDs arise from mutations Pex

genes that encode peroxisomal biogenesis proteins (also named peroxins, PEX). The PEX11 protein family
U, b g isofarmgiregulatedission and proliferation of peroxisomddowever detailedphysiological

and moleculafunctionsof PEX11 protein isoformgyathologicaland metaboliconsequenceswing to

their defectsare still being discovered

In this thesisMS-guidedmolecularomics {.e. lipidomics, metabolomics, and proteomics) workflows were
developed and employed &scertairthe molecular compositional changescurring due td® e x JaddU
Pex1Db deficiencies as well as duringthe postnatallung development. The cuttirgdge analytical
technologiesised for this purpose weudtra-high-performance liquid chromatography coupled with high
resolution tandem ass spectrometry f(IPLC-HRMS/MS), atmospheric pressure scanning microprobe
matrix-assisteddser desorption/ionization mass spectrometry imadgiRgSMALDI MSI) , and direct flow

injection electrospray ionization tandem mass spectrometryNESAS).

In the first article,alteredmolecular species and metabgtiathway were depictedn serum, liver, and
heart tissues of untreat®de x krotkout adult mice in comparisonttee wild type controlsPrimaily,

a singlestep liquidliquid extraction(MTBE/MeOH/H,O) methodwas utilized and optimized for the
parallelextraction of lipids (pper organic phase), polar metabolites (lower aqueous phase), and proteins
(sediment pellet) from the same dirdited amount of biological specimenLater, the driedlipid, polar
metabolite, and proteiextract were quantitatively analyzedsing a revesedphase HHPLC-MS/MS
systemindividually in positive- and negativéon mode In addition extensivedata filtering andnanual
curation strategies were implementadd high-confidence molecular annotationsvere reported by
removing/minimizing the false positived-urthermore, comprehensivespecimerspecific multiple
molecular specieandrelatedmetabolic pathwaghanges werancoveredn distinctbiological specimens
of P e x kriotkout mice.

In the secondrticle, MALDI MS imaging was used toharacterizeéhe full lipidome of late fetal mouse

lungs at day 19 of gestation (E19) followed by sgoantitative analysis of lipids in EI9WT aRde x 1 1 b



knockoutmice lung tissue sectionSample preparatioprotocolincluding tissue handling, sectioning of

E19 mouse lungs without embedding material, homogenous deposition of matrices, instrumental and data
processing framework were optimized. MS imaging experiments were carried out at a high resolution in
mass(140,000 @m/z200) and space (10 pper pixel) using an AIMALDI10 ion source. E19 mouse

lung full lipidome wascharacterizé based on accurate magsO 2 apdpomtlssue tandem mass
spectrometry experiments in bqtbsitive and negativéon mode Additionally, datahandling and analysis
strategies including different normalizatiapproachewere testeénd optimizedor direct comparison of

relative signal intensitiesof lipids and endogenousmetabolitesamong different tissue sections
Furthermorethe develope1SI workflow wasemployedand illustratedhemolecular changga P e x 1 1 b
knockoutmouse lungdissues in comparison to the E19 WT corgrol

In the third article, direct flow injectioquantitative lipidomic analysi@lso called shotgun lipidomics)
was carried outto monitor thecompogdtional changes in mousking lipidome during the postnatal
developmenprocessfrom birth to adulthoodLipids were extracted fromvhole lung tissue homogenates
of newborn (P1), 1&lay-old (P15), and l&veekold (P84)adult mice using CHGIMeOH/HO liquid-
liquid extraction(Bligh and Dyer method Then, he extracted lipidswvere quantifiedusingelectrospray
ionization tandem mass spemnetry in positivdon mode.Overall, an extenste quantitative(molar
abundancedipidomeof mouse lungndsignificantstagespecific alterationsf lipid classes and individual

lipid molecular species were presentiaingthe postnatapulmonarydevelopmenprocess



ZUSAMMENFASSUNG

Mehrschichtige molekulare Daten (z. B. Lipide, Metaboliten und Proteine) kdnnen tiefere Einblicke in
biochemische Ablaufe und Krankheitsmechanismen geben. Die Massenspektrometrie (MS) hat sich als
unschéatzbares und elementares Analyseinstrument zur Ulttiarsy dieser molekularen Komponenten in
biologischen Systemen erwiesen. Peroxisomen sind kleine, allgegenwartige subzellulare Organellen,
welche eine Vielzahl von Funktionen erfillen, die bei Gesundheit und KrankéeitMénschen in
Erscheinung tren. Se sind an zahlreichen Abbauprozessen und biosynthetischen Prozessen beteiligt,
einschlie8lich des Lipidstoffwechsels. Peroxisomale Funktionsstérungen fihren zu verheerenden
genetischen Storungen beim Menschen, namlich zu PeroxisBimgeneseStorungen (PBs) und zu
Defiziten einzelner peroxisomaler Enzyme (REDPBDs entstehen durch MutationenFexGenen, die

fur peroxisomale Biogeneseproteine (auch Peroxine, PEX genannt) kodieren. Die-Pekidfamilie

( 4 - b n d-Isoformen) steuert die Spaltung und Vermehrung von Peroxisomen. Die detaillierten
physiologischen und molekularen Funktionen deXPEProteinlsoformen sowie die pathologischen und

metabolischen Folgen ihrer Defekte sind Gegenstand der aktbeliechung.

In dieser Arbeitwurden Mg est ¢t zt e moWekkf howsAOMmdcs h. Li pidom
und Proteomics) entwickelt uraingesetzt, um die molekularen Veranderungen in der Zusammensetzung

zu ermitteln, die aufgrund vorP e x 1 iirdd P e x IMhrigel sowie wéhrend der postnatalen
Lungenentwicklung auftreten. Zu diesem Zweck wurden modernste Analysetechnologien eingesetzt: Ultra
Hochleistungd-lissigkeitschromatographie gekoppelt mit hochauflosender TaNissenspektrometrie
(UHPLC-HRMS/MS), Atmosphéarendrue®canningMikrosondenMatrix-unterstitzte Laser
Desorptions/lonisationsassenspektrometrBildgebung  (ARPSMALDI  MSI) und Direktfluss
InjektionsElektrospraylonisationsTandemMassenspektrometrie (EMS/MS).

Im ersten Artikel wurden verénderte molekulare Spezies und Stoffwechselwege in Serum, Leber und
Herzgewebe von unbehandelten erwachseRen x KhodkoutMausen im Verglah zur Wildtyp
Kontrolle verglichen. Im ersten Schritt wurde eine einstufige FleBKigsigExtrakionsmethode
(MTBE/MeOH/HO) flur die gleichzeitige Extraktion von Lipiden (obere organische Phase), polaren
Metaboliten (untere wassrige Phase) und Proteg(Bedimentpellet) aus derselben, minimalen Menge an
biologischen Proben verwendet und optimiert. AnschlieRend wurden die getrockneten papaden
Metabolit und Proteinextrakte mit einem Umkehrphasf#PLC-MS/MS-System einzeln im Positiund
NegativlonerModus quantitativ analysiert. Dariiber hinaus wurden umfangreiche Strategien zur
Datenfilterung und manuellen Kuratierung implementiert und molekulare Annotationen mit hoher
Konfidenz generiert, indem falsch positive Ergebnisse entfernt bzw. minwueden. Dariiber hinaus

wurden in verschiedenen biologischen ProbenRan x KhookoutMausen mulfple probenspezifische
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molekulare Spezies und damit zusammenhdngende Veranderungen in den Stoffwechselwegen aufgedeckt

und beschrieben.

Im zweiten Artikel wude die MALDFMS-Bildgebung zur Charakterisierumnigs gesamten Lipidoms der
spatfealen Mauselunge am 19. Tag der Trachtigkeit (E19) verwendet, gefolgt von einer semiquantitativen
Analyse der Lipide in EXfungengewebeschnitten von WTnd P e x KhobkoutMausen. Das
Probenvorbereitungsprotokoll, einschlie3lich der Handhabung des Gewebes, des Schneidens von E19
Mauslungen ohne Einbettungsmaterial, der homogenen Ablagerung von Matrizen sowie der
instrumentellen und  datenverarbeitenden = Rahmenbedingungen  wurdptimiert. MS
Bildgebungsexperimente wurden mit einer hohen Auflésung in Bezug auf Masse (140n@@2@@®) und

Raum (10 pm pro Pixel) unter Verwendung einer-SALDI10-lonenquelle durchgefiihrt. Das
vollstandige Lipidom der EX8lauslunge wurde auf derr@dlage praziser Masseh O 2 ppm) und
TissueTandemMassenspektrometrieéxperimente sowohl im Positihals auch im NegatlonenModus
charakterisiert. Daruber hinaus wurden Datenverarbeitungsl Analysestrategien, einschlief3lich
verschiedener Nornligierungsansatze, getestet und fur den direkten Vergleich der relativen
Signalintensitaten von Lipiden und endogenen Metaboliten zwischen verschiedenen Gewebeschnitten
optimiert. Zusatzlich wurde der entwickelte M@lorkflow vielfach angewandt und verahsailichte die
molekularen Veranderungen im LungengewebeRan x KhobkoutMausen im Vergleich zu den EL19
WT-Kontrolle.

Im dritten Artikel wurde eine quantitative Lipidomanalyse mittels direkter Durchflussinjektion (auch
ShotgunrLipidomik genannt) durchdgéhrt, um die Veranderungen in der Zusammensetzung des
Lungenlipidoms von Mausen wahrend des postnatalen Entwicklungsprozesses von der Geburt bis zum
Erwachsenenalter zu verfolgen. Die Lipide wurden aus Homogenaten des gesamten Lungengewebes von
neugeboreen (P1), 15 Tage alten (P15) und 12 Wochen alten (P84) erwachsenen Mausen mittels
CHCIly/MeOH/H,0 FlissigFlissigExtraktion (Bligh und Dyer Methode) extrahiert. Anschlie3end wurden

die extrahierten Lipide mittels ElektrospripnisationsTandemMassenspekbmetrie im PositiMonen

Modus quantifiziert. Insgesamt wurden ein umfangreiches, quantitatives Lipidprofil der Mauslunge und
signifikante stadienspezifische Veradnderungen der Lipidklassen und einzelner Lipidmolekilspezies

wahrend der postnatalen Lungetveicklung dargestellt.
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CHAPTER |

1.1 An introduction to systems biology

Systems biology is deepoted with an understanding of a large variety of méégazomponentsvithin a

cell and of interactions between cells that allow assembly of a multicellular organism. Approximately, 75

80% of the living matter by weight is composed of water, inorganic ions, and numerous small organic
molecules specificallylipids, vitamins amino acids, peptides, nucleotides, cofactoasbohydratesetc

The remaining 225% consist of macromoleculeamelydeoxyribonucleic acid (DNA), ribonucleic acid

(RNA), and protein$l]. Theficentral dogma of molecular biologgnunciated by Francis Crick elucidates

the residuéy-residue transfer of genetic information and the relationship betwkege bio-
macromoleculeq2]. Concisely the pattern of genetic inheritancemprises three important phases

including (i) replication, (ii) transcriptionand (iii) translation. In the replication step, a dowifanded

DNA is replicated to give identical copi es, whi ¢
transcriptionthe genetic information encoded in the section of DNA is transcribed into small portable RNA
messages ( DMRANA).YDurRdNtranslation, mRNAs travel from the nucleus if@cytoplasm
(ribosomes), where theyreread to make a proteandbr asmallgroupo f pr ot ei ns (IRNA Y p
2]. Theunique structural, biochemical, and functional properties of these macromolecules (i.e. DNA/gene,
RNA/transcript and proteingenzyme¥y make them the principal components of the cell. Whereas,
metabolitedipids are ofterreferred to agnd products of thcomplex biochemical processes catalyzed by
enzymes and connected with genes, transcritd proteins and represent the most downstream stage

within the systems biology framework (Fig.[B].

Over the past decades, hijitoughput technological advancements (e.g. instrumentation, sample handling
strategies, robust bioinformatj@nd computational tools) have revolutionized modern biologgaatled
systems biology methodologies for a better understanding of complex biochemical paii@waigsdis a
branch of science thahowcase comprehensive or global assessment of chero@atituentshatmake

up the cell, tissue, orgaand/or organism. Primarily, omics studies aim at the collective characterization
and quantification of the molecular components present in a particular biological specstipulétethe
current state €.g. healthyor disease, normabr mutant) of the biological systeifd]. This suite of
technologies mainly encompasses genomics, transcriptomics, proteomics, metabalodniiggdomics.

In addition, several other approaches such as epigenomics, glycomics, peptidomics, ionomics,
microbiomics, exposomics, phenomics, fluxomicgtagenomics, and interactomadst and are listed
under the umbrella termfiomic® (Fig. 1). Specializedand individual applications of all these omics
approaches have been demonstrated to be beneficial in understanding and characterization of numerous

biological processes. Nonetheless, integration of Aeigl moleculalomicsdata that are associated with
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the genotype (e.g. genomics and transcriptomics) and those connected with the pherppypeepmics,
metabolomicsand lipidomics) along witlthe other omics data, spateid temporainformation, clinical
data, advanced machine learning, mathematical modeling, and statistical appcoackegablyresult in
accurate prediction of health and disease states and also provide insights foveeffemtapeutic

interventions (Fig. 1]5, 6].

Genotype Phenotype
| DNA RNA Protein Metabolite / Lipid >

AN/ Ay

DNA microarrays RNA sequencing LC-MS, MALDI MS LC-MS, MALDI MS

DNA sequencing RNA splicing MSI, CE-MS, 2D-DIGE MSI, CE-MS, IMS

PCR, qPCR PCR, qPCR X-ray crystallography GC-MS, NMR

DNA sequences RNA profile Protein profile Metabolite / Lipid profile
[ Genomics Transcriptomics Proteomics Metabolomics / LIpidomIcs]
[ Prediction of health and disease states ]
[ Clinical data Fluxomics, Glycomics, Exposomics, etc. Machine learning Statistics ]

Fig. 1 Snapshot of systems biology approaches. The figure is prepared based on the cetiectiific

literature on different omics technologies

1.2 Mass spectrometryguided molecular omics

Mass spectrometry (MShas turned outto be avalued and fundamental analytical technique in
understanding the role of biologically active components at a cellular and molecular level. Simplified below
are the MSguidedmolecularomics {.e. proteomics, metabolomicand lipidomics) approaches thaea
frequently applied in biomedical research in a-b@sed/nortargeted and/or targeted manner.

1.2.1 Proteomics

Proteins are the most versatile and imperative class of bioactive molecules that execute numerous
biochemical reactions. In 1994, Marc Wilkiproposedhe termfiproteome in analogy tothe genome,

with a native meaninggrotén complement expressed by a ger® which implies the study dhe total

set ofidentifiable proteins in a given sample, giaticulartime, under specified conditiofig]. The third
downstream omics discipline in systems biology is proteomics (Fig. 1), and the current inclusive definition

of proteomics deals with the identification, quantification,characterization ofposttranslational
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modifications (PTMSs), interactions, and cellular localization of proteins usingthighghputanalytical

approachegs, 9].

Experimental Approach Theoretical Approach
o'} o
\J" Organism i gs Gonowa A,
l Six frame transiation Hidden Markov Models £ .
v
. Protein Mixture Predicted Proteome
Protein Separation f;_i
5DS PAGE Gels &
2D Gels :
v
Proteins
Isotopic Labelling Digestion Database Search Simulated Digestion
4 v !l v
Peptides -— Theoretical Peptides
LC Elution Time <===~==-- » LCElution Time
Peptide Separation g . Calculate
1Dor 20 s )
Liquid Chromatography (LC) Peptide Mass  #---<-==-p  Peptide Mass
y MS/MS Spectrum <===:====» MS/MS Spectrum —e
MS Analysis : o
\ v i &7 :
£ Protein Identification Qg v
Data dependent MSE L4 Map Proteins onto
acquisition Known Biological Pathways

Quantitation

Raw Data
Data Processing Label-based Label-Free
Deconvolution (MaxEnt)
Deisotoping
Relative Protein Relative Protein
Processed Data Expression Profiles Amounts

Fig. 2 A classi@al workflow of mass spectrometiguided bottorrup proteomics. The figure is obtained

from atutorial presentation listed in referenfd®].

The proteomics field has progressed from-tiimensional electrophoresis-PE) visualization of a small
groupof proteins from a complex biological mixtufel] to the characterization severalthousands of
proteins from a single cdll2, 13] With the rapid technological developments, MS has arisen as a potential
and universal analytical method of choice figh-throughput largescale proteomics studies (Fig. 1 & 2).
Depending on the scheme of the protein characterizatiorhd48d proteomids sub-classified into three
diverseanalytical workflows (i) top-down, (ii) bottomup, and (iii) middledown prot@mics. In the case

of top-down proteomics, proteins ai@entified andcharacterized byhe fragmentation of intact proteins
(i.e.no proteolysis before M@ata acquisition This approach has potentimnefitsto locate andlustrate
PTMs, proteoforms, and access nearly complete protein sequence cfi4fadewever, the applicability

of this methods confined to a single and/or a small number of purified proteins due to several technical
challenges such as fractionation, purification, ionization, and fragmentation of intact pfafgink
contrast, peptides from the enzymatically digested protemproteolysis prior ttheMS data acquisitiof

are identified and quantified in botteap proteomics (also called shotgun proteomics) (Figl@) 16}
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The $otgun approach is largely adopted by the researchers in the proteomics conadmendythe fact
that digested peptides are easier to separate fleighiution) and analyze (higdensitivity) than intact
proteins with less sophisticated instrumentatiopegtise, and welkestablished bioinformatics todi$7].
Recentlythemiddle-down approach has evolved as a novel scheme by linking the key feathiot® o
up andtop-down methodologies, whenrelatively larger peptide fragmentgréferablyabove 3 kDa) are

analyzed with restricted proteolysis of prot€ib3].

Based on the biological rationale, proteomics expents aim at (i) the largecale screening of proteins
including PTMs (proteome profiling), (ii) quantitative analysis of proteins between multiple conditions
(differential proteomics), (iii) localization, compartmentalization, conformations, and itiberavith
proteins and/or other biomolecules (structural proteomics), and (iv) biological networks, pathways, and
disease mechanisms (functional proteonite).

The routinely used M®ased bottorup proteomicsgarticularlydifferential proteomics) workflow can be
broken down into several steps (Fig. 2). In shigrappropriate sample collecti@md storage(ii) protein
extraction with MScompatiblelysis buffers andprotein estimation (e.g. Bradford, Bicinchimic acid,
Lowry protein assag), (iii) optional fractionation/enrichment/depletion of proteins ViDE, size
exclusion, and affiity chromatographic methodsy) enzymatic digestio (usually with trypsin or other
proteases) of proteins into peptides, (v) peptide cleanup (e.g. ZipTip) and separation using liquid
chromatography followed by MS data acquisitie.g. targeted, DDA, DIA), (¥ peptide and protein
identification with a dtabase (e.gspeciesspecific proteome sequence fromUniProt,
https://www.uniprot.org/ searchusing search engines (e.g. SEHERY HT, Mascot, Andromeda), {yi
labeling (e.g. chemical, metabolic) and/or lafsek quanfication (LFQ) of proteins,\ii) bioinformatics
analyses such as nppg differentially abundant proteindAPS) onto known biological pathways and
network analysis using various functional categorization tools including DAVID
(https://david.ncifcrf.goy, STRING fttps://stringdb.org), Cytoscape Https://cytoscape.ory/ BINGO
(https:/lwww.psb.ugent.be/cbd/papers/BiNGO/Home JtrAANTHER (ttp://pantherdb.ordy and (x)
validation of certain DAPs with antibodybased methods (e.g. Western blatidbr with targetedMS
(MRM/PRM) approache$s, 10, 19, 20] Furthermore, in MS imaging workfla{whereintact proteins
and/ordigestedpeptides are identified, quantified, and imaged directly from the biologjEadimenys
additional antigen retrieval and washing steps are implemented to remove lipigsarshltgher ionic
compoundg21, 22]

During the preparation of this thesis, IMS/MS-based labelfree quantitative bottorap proteomics
(publications 1 &), a combination of bottomp and topdown proteomics (publications 4@ workflows

wereoptimized ancemployedn diverseresearch projects.
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1.2.2 Metabolomics

Although metabolomics is regarded as a comparatively new branch in the omics disciplines, the basic idea
of studyingmetabolites for potential biomedical applications ismeM. For instance, in ancient Greek and
China urine sweetness.€. high levels of glucose itheurine)with the help of ants/as useds a method

to diagnose diabetd23]. In the late 1960s, Dalgliesh et al. utilized gas chromatogreqggtherwith a

flame ionization detectaior the identification ofa broad spectrum of metabolit§®4]. Later in 1971,
Horning and colleaguagilized mas spectrometry (G®S) for the first time to characterize metabolites

in urine and tissue homogenaf@s] and proposed the terfimetabolic profil®. Generally, these studies
exemplified the beginning of the development of modern metabolomics. Thereafter in 1998, Steven Oliver
coined the wrd fimetabolome in analogy to genome, transcriptonaad proteomg26]. Shortly after,
Jeremy Nicholsonnitroducedfimetabonomio and Oliver Fiehn usedmetabolomicé to denote the
comprehensive guantitative assessment of all possible metabolitegviendiological systenj27, 28]

The synonyms metabolomics, metabonomicsjetabolome analysisnetabolic profiling/profile, and
metabolite profiling/profile are often used intertwined; nonethelesstetime fimetabolomicé is most

widely adopted by theommunity fttps://metabolomicssodieorg)).

Metabolites (smallchemicale nt i t i e s, 00a Pg maeaulat weighDate the substrates,
intermediatesand/or end pradcts of the cellulametabolismthat provide a functional readout (e.g.
phenotype) of the biological systg&B, 30] Metabolomics is an uprising field of omics science, which
candeliver absolute and/or relative quantities of humerous endogenous and exogenous compounds for
example lipids, sugars, peptides, toxins, nucleotides, amino acids, vitaminsnipelyaorganic acids,
pharmaceuticals, dietary compounds, microbial metabolites, and environmental chemicals from a large
variety of sample types including biological fluids (e.g. serum, saliva, urine, B#IdFCSF), cells, tissues,

feces, and/or entirerganism[5, 31]. Metabolomics studies have widely beenlaggpin diverse domains

such as clinical research (e.g. biomarker discovery), disease diagnosis (e.g. screening of inborn metabolic
disorders including peroxisomal disorders) and treatment, drug discovery (e.g. pharmacokinetics and

dynamics), animal, planhutritional, microbigland environmental researf32].

Based on the study hypothesis, metabolomics workflows are broadly categorized into (i) untargeted
(discovery), and (i) targeted (validaticapproachef29]. Untargeted or global metabolomics is a powerful
strategy that allows unbiased measurement of as many as possiblelitestéitom a given biological
sample without any prior knowledge, which can unveil novel and unforeseen reBalteted
metabolomicson the other handpcuses on a set of specific, predefined metabolites and/or metabolic
pathways, which can providedtier sensitivity, reproducibility, and lower falpesitive rats than the

untargeted approadB3]. The twetiered or hybrid approach also exists, in which targeted metabolomics
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(hypothesigdriven) is employed to validate the results derived from arrgetizd metabolomics workflow

(hypothesis generation).

In principle, frequently employed analytical technologies in metabolomics experiments are nuclear
magnetic resonance spectroscopy (#4g1°C, and®P NMR), and mass spectrometry (Fig. 1). NMR is a
nontdestructive method that offers fast and reproducible qualitative and quantitative results, while MS is
more costeffective and provides higher sensitivity towards a wide range of metabolites than NMR. Further,
separation methodologiesspeciallyliquid chromatography (L{; gas chromatography (GC), capillary
electrophoresis (CE), and ion mobility spectrometry (IMS) hyphenated to MS can deliver higher sensitivity
and comprehensive coverage of the metabolomehé&umnbre, it is feasible to attain both the qualitative
and quantitative molecular and spatial informatiorhefinetabolites directly withibiological specimes

(e.g. tissuescelly using mass spectrometry imaging (MSI) approa?2ls

Problem formulation Functional interpretation
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Fig. 3 A schematic representation of thess spectrometiyuided metabolomics workfloyd1].

Regardless of the approaahd analyital setup basic steps othe metabolomics workflow include (i)
biological question formulation, (ii) suitable experimental design, (iii) appropriate sample collection and
storage, (iv) sample preparation (comprises stopping/quenching of the metabalsn@ectivity, tissue
sectioning, homogenization,metabolite extractionreconstitution ofextracts and optional chemical
derivatization etc), (v) data acquisition using either NMR or M&ith or withoutseparation techniques

MS imaging, (vi) data analysis (e.g. dat@mport andalignment,peak pickingfiltering, normalization,
image generatiorstatisticalanalysis, metabolite annotation asiluctural elucidation), (vii) functional
interpretation (e.g. correlation analysis, pathwaypnag, network analysis) using several visualization

tools and databases such MsetPA (http://metpa.metabolomics.gaiPath fttps://pathways.embl.de/
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KEGG (ttps://www.genome.jp/kegg/pathway.h)ml Reactome Https://reactome.orh)/ MetScape
(http://metscape.ncibi.org/and BioCyc fittps://biocyc.ord/(Fig. 3)[20, 31] All these steps are uniquely
valuable and the highuality metabolomics data depends on the selectiomnapmieémentation of the right

choice.

During the preparation of this thesis, IMS/MS-based untargeted sewpiantitative metabolomics
(publications 110 & 11), and tageted quantitativeplblication7) workflows wereoptimized anditilized

in various reseah projects.

1.2.3 Lipidomics

Lipids are a key class of biologically activenetabolites, which play a central role imumerous
pathophysiological processes. The dysregulation of lipids and lipid metalaoégmerlinked withseveral
diseasesf or i nstance di ab eptlreosary diseaseane several Anketabblie disordersé s |,
that arerelatedto peroxisome, mitochondriand lysosome organell§®4, 35] Lipidomics is a suibranch

of Ametabolomicé that deals with largscale profiling, quantitationand structural elucidation of lipid

species in a given sample adtgpulatedpoint of time and conditian

1 Lipid definitions

Historically, the word lipid has matured frafitipine, lipin, lipoid, andlipided and there is no satisfactory

or universally accepted definition to d§86]. Some educational aids $uas biochemistry textboolkasd

the International Union of Parand Applied Chemistry (lUPA@Q es cr i bed | i pids as #fAa
occurring substances that are soluble inpam| ar and/ or organic solventso.
terms of stubility is ambiguous and does not suit lipids (e.g. gangliosides, bile acid conjughielsiare

soluble in water and/asther polar solvent437]. Christie etal. proposedhatii | i pi ds are fatty
t heir derivatives, and substances rel at g3Bl. bi osyn
However, this definition does not cover isoprenoids, steroid hormamespolyketidesLately, Fahy and

coll eagues from the LIPID MAPS consortium broadly
molecules that may originate entirely or in part laybaniorbased condensations of ketoacyl thioesters

(i.e. fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, saccharolipids, polyketides) and/or by

carbocatobased condensations of i 438prene units (i .e.

1 Lipid classification, nomenclature,and functions

Bloor classified lipids (by then lipoids) into simple, complerd derived lipids. Whereabkiochemists

segregated them intbemembrane, energy, and bioactive lipids according to their functions (T4BE].1)
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In 2005, the LIPID Metabolites and Pathways Strategy (LIPID MARS8tps://www.lipidmaps.org/
consortiumand the International Lipid Classification and National Nomenclature Committee (ILCNC)
classified lipids into eight welllefined categoriebased ortheir chemical and biochemical properties
(Table 2 3& Fig.4), which were further reviewed anghdated in 2009 and 20289-42].

Table 1 An overview of important functions efariouslipid classeg36, 43]

Functions Lipid classes

Membrane components PC, PE, PI, PS, PG, PA, SM, CL, GluCer, GalCer, ChE,
glycolipids, andgangliosides

Energy storag& metabolism FA, MG, DG, TG and AcCa

Signaling Lysophosphtipids, MG, DG, FA, AcCa, eicosanoids, C¢
SPH and oxidized lipids

Antioxidant Plasmalogens
Lipid (fatty acid) transport Carnitine esters or acylcarnitines
Mitochondrial respiration Cardiolipirs

Table 2 Lipid classification according thIPID MAPS. Shown are the eight lipid categories, the number
of lipid classes witha few examples, and the number of lipid structures for each lipid category compiled
within the LIPID MAPS structure databa@9, 40]

S.No Lipid categories Lipid classes| A fewexamples of | Abbreviation (No. of lipid
lipid classes structures in LMSD)
1 Fatty acyls 14 Fatty acids, AcCa FA (10761
2 Glycerolipids 08 MG, DG, TG GL (7739)
3 Glycerophospholipidg 26 PC, PE, PG, PS, PI GP (10®7)
4 Sphingolipids 10 SM, Cer, HexCer SP (489)
5 Sterol lipids 06 CholesterolBile acids ST (3899
6 Prenol lipids 05 Isoprenoids PR (285
7 Saccharolipids 06 Acylaminosugars SL (1345)
8 Polyketides 16 Linear polyketides PK (7178)
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Fig. 4 Representativetructureof theeight lipid categoriedratty acyls (activated fatty acidahdor fatty
acids (FA)arethesimplest lipid categéesandact ashuilding blocks for severalomplex lipids. Fatty acil
differ by carbon chain lengtte.g. shor, medium, long, andvery longchain)and degree of unsaturation
(e.g. saturated, monounsattad, and polyunsaturate@lycerolipids(GL) arefatty acid esters of glycerol
in which either one, two, or threéatty acids are bound to a glycerol backbone via an ester lifleage
monao, di-, andtriacylglycerol).Whereas, lycerophospholipid§GP, alsotermedas phospholipigsonsist
of an additional phosphate grougnd are subdividedinto various classelsased orpolar headgrougX;
choline, ethanolamingglycerol, serine, inositol, etc.)Lysoglycerophospholipidée.g. LPC, LPELPG,
LPS, and LP) consist of a single fatty acid chain along with the polar head g®pipingolipids (SP)
contain a sphingosine backbone with a fatty acid ctRjrand vary by polafraction(X). SterolgST) are
tetracyclic ring structures (e.g. cholestehile acid3 [39-42, 44, 45] These fivg(i.e. FA, GL, GP, SPST)
are the frequenthanalyzedlipid categories (ighlighted in light green color boxes$) conventional
lipidomics studies.The aboverepresentativehemical structures are drawn usihg ACD/ChemSketch

program.

Each of these lipid categoriesfurtherdivided into main classes, subclasse®l substructuren total (as
of January2024), 48,493 unique lipid structure$26,426 curated and 228Y computationally generatgd
are covered in the LIPID MAPS Structure Datab@skISD). The LIPID MAPS In-Silico Structure

19



Database (LMISS] on the other handpnsistof over 1.8 million lipid structures (among which roughly
25,000 overlap with LMSD)created by the computational expansion of head groupsidedhains of
frequently occurrig lipids including fatty acyls (1,795), glycerolipids (787,670), glycerophospholipids
(304,139), and sphingolipids (38,886). In theory tttal numbef lipid speciess possibly far from those
compiled in the LIPID MAPS and/or any other databases sagh.ipidSearch, Metlin, HMDB,
SwissLipids etc

Table 3 The hierarchy of lipid classification, shorthand notation, and characterizatigudoSpecies
explained with an example of PG8:1). The standard rules for shorthand nomenclature of lipid structures
derived from mass spectrometric approaches are detailed in refehcé6]

Nomenclature level Description Shorthand notation
[Preferred analysis]

Category Glycerophospholipid GP
Main class Glycerophosphocholine (Phosphatidylcholine) | PC
Subclass 1-O-alkenylacylglycerophosphocholine PQ(P-XX:YY)

Sum composition Total number otarbon atoms and double bondg PC(R34:1)

the fatty acyl chains [Full scan MS]

Molecular Without snposition confirmation PC(R16:1_18:0)
composition (underscore separator) [Tandem MS]
Molecular With sn-position confirmation PC(R16:1/18:0)
composition (slashseparator) [separation MSMS3]
Structurally defineq Double bond position confirmation PC(R16:1(92)/18:0)
lipid [0zID, PB, UVPD]

9 Lipidomics workflow

Although several strategies (including fluorescent dyes, enzyme kits, thirckapenatography, NMR

etc) have been employed in lipidomics, the field has greatly advanced with the developments in MS
methodologies. Similar to polar metabolomidbe conventional lipidomics workflow comprises
experimental design, sample collection astdrage, sample preparation, MS data acquisition, data

processing and biological interpretation (Fig. 5)[35, 47, 48] A draft of minimal guidelines and
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recommendations for M§uided lipidomics (covering pranalytics, lipidextraction, lipid ion monitoring,
lipid species identification and quantitati, quality controls, normalization, validation, and reporting of the
lipidomics data, etc.), resources related to potential difficulties (such as isomeric overlap, isobaiix; overl

and insource fragmentation), and diagnostic fragment ions for various lipid classes and molecular species

areconcisely describeih the Lipidomics Standards Initiativat{ps://lipidomicsstandardsnitiative.org)

web portal [49]. The utmost important steps of the lipidomics workflow are brie@gcdbed in the

following sections.

Sample Sample Data Data Data
Collection Preparation Acquisition Processing Interpretation
Direct infusion
Low-resolution MS
High-resolution MS
Serum - o
issue sectioning LC-MS/MS ) '
Blasine Berevsed Dhase Identification
Homogenization HILIC Retention time Multi-omics
Targeted LC-MS/MS Exact precursor mass Data Integration
Saliva Non-targeted LC-MS/MS Diagnostic fragments
Internal Standard
Urine Addition lon Mobility Quantitation Pathway
DIMS Relative quantitation Mapplng
Lipid Extraction DTIMS Absolute quantitation
Tissues MTBE TWIMS
Floch Image Generation
Cell Culture Bligh & Dyer MS Imaging
“"E)"‘ELS?‘ Manual Data
SPE SIMS Interpretation

Derivatization

Structure Elucidation

MALDI-MS/MS
021D
uvPD
EIEIO

Paterno-Biichi

Statistical Analysis

Fig. 5An overview ofmass spectrometiguided lipidomicsThe figure is modified from the original figure

listed in referenc@7].

Preanalytics (measurgmior to the actual lipidomigsnclude (i) study design, (ii) nature and origin of the

studysample, (iii) sample collection (e.g. sample amount, collection tub@tection time number of cell

passages, demographic and clinical data), (iv) sample quality Hengolysis, lipemia), (v) storage

conditions, (vi) freezg¢haw cycles, (vii) fixative agents amtiS-compatibleembedding materiah the case

of tissue specimenévii) selection and optimization of MALDI matrices, and (viii) prevention of artefactual

generation (e.g. hydrolysis, oxidation, peroxidation products), etc., are crucial which can influetata the

guality and should be documented properly for the interpretation of lipidomicf0ata
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In general direct infusion direct flow injection, and L@&1S/MS-guidedlipidomics studies utilize lipid
extracts from biological matrisge.g.serum/plasmasaliva,urine,cell pellets, tissues, feces), whereas MS
imaging experiments mostly usenextracted matrices such as intact tissue sliceslendrganism, and/or
single cells[35]. In sample preparation, homogenizationilizing mortar and pestlggebble mill with
beadsetc) is an imporant step to extract lipids from biological specimens such as tissues and cell pellets.
To extract lipids, researchers have developebtlomtimized several extraction protocols depending on the
analytes of interest (e.g. general lipid classes, polar lipids, eicosgamuidgtty acids), biologicahatrices

and experimental conditions. To mention a few, ligiqdid extraction (LLE) metbds based on
chloroform/methanol/water (CHEMeOH/HO) mixture such as Bligh & Dydgb1] and Folch methazl

[52], alternatively heptarisopropanol/water (Heptane/IPA/) mixture [53], and more recently less
toxic methyl tert-butyl ether/methanol/water (MTBE/MeOH/E) [54], butanol/methanol/water
(BUOH/MeOH/HO) mixture[55] based LLE methodologies have been developed for global lipidomics
analysis (Fig. 5). On the other hand, sqilthse extraction (SPE)anddea t i zat i on protocol s
Reagent P, methylatiomere alsodemonstrated for specialized applicatiphis, 56] Notably, none of the
abovementioned and/omny other protoca are capable of extracting all possible lipid classes and
molecular lipid species in a single experiment dueavide polarityrangeand diversityof thelipidome
Furthermore the additim of appropriate internal standards (for instance naturally or biologically not
occurring lipids, odethain fatty aciecontaining lipidsjsotopically labetd lipid internal standard ntixres

such asSPLASHandUIltimateSPLASHLIPIDOMIX) to the homogenatdsefore the extraction step (in
the case of shotgun and tNIS/MS) [57], spotting of stable isotopically labeled internal standards, and/or
serial dilutions of calibration standards on tissue sections (in the case of MS im2@gihg) vital in
guantitative lipidomics workflos The added internal standa@i®thenusedto compensate inheritance
variations in sample preparation and ionization efficiencies and to adhkisestimation of absolute and/or

relative quantitative values of lipdassesholecularipid specieg58].

In MS data acquisition, lidomic datasets can be acquired either directly from the intact biological
specimens using MS imaging methods (e.g. MALDI MSI, DESI MSI, SIMS, and NIMS) or by using crude
lipid extracts with the help of organic solvents. The latter one includes direstonfor directflow

injection analysis (also called shotgun lipidomics) and separation methodologies (e.g.-ploasalLC,
reverseephase LC, HILIC, GCCE, and IMS) coupled to M$8, 59]. As a subsection of metabolomics,
lipidomics also uses similar analytical strategies depending on the study hypothesis. For instance, full MS
or tandem MS (MS/MS) or both can be employed simultaneously either in a targeted (hyqithesis
validaion) or untargeted (hypothesis generation; discovery) manner using unit/low mass resolution (e.g.
QqQ) and/or highresolution and higimassaccuracy MS instruments (e.g. OrbitrapTQF). Moreover,

specific methodologies namebzoneinduced dissociatiofOzID), PaterneBuchi (PB) functionalization,
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ultraviolet photodissociation (UVPD)and electron impact excitation of organic ions (EIEI@gre
developed for the structural elucidation of the molecular lipid species (e.g. determination oftauble

positions) (Fig. 5).

A vast number of data processing and data analysis tools are available for qualitative and quantitative
lipidomics data analysjspecificto the employed analytical strategi&@ome ofthe frequentlyuseddata
processing tools in lipidomiceesearchare mentioned here fahotgunlipidomics (e.g. LipidXplorer,
LipidPionner, LipidView, LipidProfiler, LipidQC, ALEX, LipidMatchand LipidSearch), LBAS/MS (e.g.
LipidSearch, Progenesis QI, SimLipid, LipidMatch, LipidFinder, XCMS, MZmine, Lipdy¥SDIAL,
LIQUID, and Lipid Data Analyzer), and MS imaging (e.g. Mirion, MSiReader, METASPACE, Lipostar,
BioMap, Mozaic,and ImageQuesfp0]. Lipid annotations can be attained by using customized precursor
(MS) and diagnostic fragment ion (MS/Mi8)raries derived from experimental computational methods
including vendosspecific databases (e.g. LipidSearotw, public respiratory databases such as LIPID
MAPS (https://www.lipidmaps.org/ Metlin (https://metlin.scripps.edy/Human Metabolome Database
(https://hmdb.cd/ SwissLipids  ttps://www.swisslipids.org/ LipidBank (http://lipidbank.jp),
LipidHome (https://www.ebi.ac.uk/metabolights/lipidhorge/ and LipidBlast
(https:/ffiehnlab.ucdavis.edu/projects/LipidBlasilthough several automated data processing tools are
available, an additional manual curation step is essentidipitlomicsimetabolomics datanalysis
workflowsto remove and/or minimize falgmsitive identifications thahayarise due to isotopitsomeric
andisobaric overlap, irsource fragmentatigror contaminants. Furthermore, various statistical analyses
including univariate (e.g. foldhange analysis;test, volcano plots, ongay ANOVA), multivariate (e.g.
PCA,HCA, PLSDA, OPLSDA, MANOVA), and hierarckcal clustering analysis (e.g. dendrogram and
heat maps) are applied to reveal the differentially abundant lipids/metabolites daahgpty groupg0].
Lastly, integration of lipidomics data with other moleculamics data, functional characterization, and
pathway analysis is challenging but crucial to disclose the underlying molecular mechanisms associated

with lipid metabolism in normal physiological and patholadjiconditions.

During the preparation of this thesis, (i) IMS/MS-based untargeted regquantitative lipidomics
(publicatiors 1, 10& 11), (ii) MALDI MS imaging-guided qualitative angklativdy quantitative lipidomics
(publicatiors 2, 9 & 11), (iii) direct flow injection quantitative lipidomicspublication 3), and (iv) LE
MS/MS-based targeted quiative lipidomics publications 8, 10 & 11) workflows wedeveloped and

employedn various research projects.
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1.3 Mass spectrometry

1.3.1 History and basicprinciples

Mass spectrometrfMS) is an indispensable drsensitive analytical platforrinat provides qualitative,
guantitativemolecularand spatiallyresolved informatiomboutcompounds ira given sample. Regardless

of the instrument configuration, apigal mass spectrometer comprises three basic components including
(i) an ionization source, (ii) a mass analyzer, and (iii) an ion detectorTingitionization source operate

at atmospheric pressure (AP) or under vacuum conditions, whereas both tlaaahgs= and ion detector
units are operated under highcuum conditiongFig. 6). lons from various chemical compounds (i.e.
organic or inorganic) are produced in the ionization source by different ionization mechamisumatng
protonation, deprotonation, cationization, electron ejectiwrelectron captureafter transfer fromthe
condensed phasato the gas phase. The generated ions are then electrostatically propelled into the mass
analyzer where they are separatedsed onmassto-chargenumber (m/2 ratios In tandem MS
experiments selected ions (precursor ions) are fragmented dollzsion cell (e.g. HCD cell) and the
fragment ionsare then arlgzed in a second mass analyaed detected by a detector unit (e.g. etectr
multiplier). Finally, the data processing system generates a mass spectrum, whichdinaemaional plot
consising of m/zvalues on the-axis andrelative abundances of the ions (i.e. signal intensities) oy the
axis(Fig. 6)[61-63].
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Fig. 6 Basic components of tgpical mass spectrometer. The figure is prepared based on the information

obtained from mass spectrometry textbooks listed in the refej@h63].

In addition to the aboveentionedhreebasic components, mass spectrometers are also associated with a

sample inlesystem to introduce the sample (Fig. Byr instance, the most frequently used methods are
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direct insertion with a probe and/or plate usually in the case of MALDI MS, direct injection and/or infusion
with the help of GC, LC, and C&eparatiortechniques in El, ESI, and APCI MS analyfek 62]

Mass spectrometry has undergone remarkable technological developments in the last decadds and
significant contribution as an analytical platform in many areas, particularly in biomezfiearctsuch as

omics (e.g. proteomics, metabolomics, lipidominsd glycomics), high throughput drug discoveagd

drug metabolisngl]. The hi story of MS goes back to the ear]l
work of GermanphysicistW. Wien (i.e.defledion of rays ofpositively-charged particleby magnetic

fields) followed byJ.J. Thomson (i.e. discovery of the electron and the isotopes of a@alhjs protégé

F. W. Aston (i.e. atomic characterization of numerous elements using mass spectrograph). Since then,
several researchers contributed enormously to the advancement of the field by developing (i) various
ionization techniques (e.qg. El, CI, DCI, FI, FAB/LSIMS, S\FD, LIFDI, PD, MALDI, LDI, ESI, APCI,

APPI, DESI, DART, REIMS, TI, SS, GD, ICP), (ii) instrumentation methodologies including different
mass analyzers (e.g. electric sector, magnetic sector, quadrupole, ion trap, TIGR, [Erbitrap), (iii)

hybrid mas spectrometers (e.g. QqQ, @TDF, TOF/TOF, QTOF, ion trap Orbitrap, rbitrap), (iv)
numerous fragmentation methods (e.g. CID, HCD, SID, ECD, ETD, UVPD, IRMPD), (v) MS imaging
modalities (e.g. MALDIMSI, DESFMSI, NaneDESI MSI, LAESIMSI, LA-ICP MSI, SIMS, NIMS,
LTP-MSI), (vi) coupling of separation technologies to the MS (e.g. HRMS; LC-MS, GGMS, CEMS,

IMS-MS, FAIMS), and (vii) different data acquisition strategies including DDA, DIA, SWATH, SRM,
MRM, and PRM. A snapshot of major milestonget@ complete ligthighlights the key individuals and

their inventions in the history of mass spectrometiy ahed research topics, as detailed in FifI763].
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Fig. 7 Snapshot of major milestones in the field of mass spectrometry. The figure is prepared based on the
collective information obtained from the scientific literature and mass spectrometry textbooks listed in
referencd61-63].
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Abbreviations: El: electron ionidan; Cl: chemical ionization; DCI: desorption chemical ionization; FI: field
ionization; FAB: fast atom bombardment; LSIMS: liquid secondary ion mass spectrometry; FD: field desorption;
LIFDI: liguid injection field desorption/ionization; PD: plasma dgsiam; LDI: laser desorption/ionization; APCI:
atmospheric pressure chemical ionization; APPI: atmospheric pressure photoionization; DART: direct analysis in real
time; REIMS: rapid evaporative ionization mass spectrometry; Tl: thermal ionization; SK:ssspate; GD: glow
discharge; ICP: inductively coupled plasma; TOF: time of flightl€R: Fouriertransform ion cyclotron resonance;

QqQ: triplequadrupole; QIT: quadrupole ion trap; SID: surfamduced dissociation; ECD: electron capture
dissociation;ETD: electron transfer dissociation; IRMPD: infrared multiple photon dissociation; FAIMS: field
asymmetric ion mobility spectrometry; DIA: datadependent acquisition; SWATH: sequential window acquisition

of all theoretical mass spectra, SRM/MRM/PRM: stdd/multiple/parallel reaction monitoring; and remaining

shortened formare abbreviated in the main abbreviations list and/or respective sections in the text.

1.3.2 Mass spectrometry imaging

Mass spectrometry imaging (MSI) is a precise and informative bioanalytical technique that has clear
advantages over otherorrimaging MS and conventional imaging methods, since (i) labeling is not
necessary (labdtee), (ii) severahundreds of analytese conceivablyidentifiedand quantifiedn a single
experiment (untargeted), and (iii) spatial information of a wide range of endogenous and exogenous
moleculesincluding lipids, polar metabolites, peptides, proteins, glycans, toxins, pharmaceuticals in
biological tissues (e.g. mammals, plants, insects, microorganisrpsyvided[22, 34, 64] Amongthe
techniqes are matrbassisted laser desorption/ionization (MALDI), desorption electrospray ionization
(DESI), nanostructuraitiator mass spectrometry (NIMS), secondary ion mass spectrometry (SIMS), laser
ablation electrospray ionization (LAESI), laser ablatiatuctively coupled plasma (LACP) MS imaging,

and several otherEach method has its own merits aaanerits ranging fromits applicability, achievable
sensitivity, and resolution. Tdighlight a few, SIMS provides the highest spatial resolution dawihé
nanometer range but suffers from the severe fragmentation of molecular ions and lower sensitivity in the
higher mass rangg2]. A recently developed ambient ionization technique. OESI MSI) offers the
advantage of little and/or no sample preparation but the spatial resolution is [BBit&&] MALDI MSI
(introduced by Bernhard Spengler in 1994) offagh sensitivity anén outstandindateral resolution for

a large variety of compound classes, but the sample preparation and matrix application processes are
laborious[22, 67] Nevertheless, MALDI MSI has been the mesimmonly emgdoyed MS imaging

methodology irthe field of biomedical, clinicaknd moleculabiological researcf64].

Sample preparatiois the most essential stepamy kind ofMS imagingexperiment Parameters such as
() biological specimens/tissumllection and storagéii) quenching ofthe enzyme activity to diminish
delocalization and/or degradation of biomolesu(e.g. flash freezing, fixation), (iii) optional embedding

with MS-compatible embedded material (e.g. gelatin, tragacanth, carboxymethylcellulose) in the case of
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northomogeneous, delicatend/or fragile samples (e.g. insects, worms), (iv) seictipftypically < 20 um

thick) and storage of the tissue slices, (v) washing;spraying, and otissue proteolytic (e.g. trypsin)
digestion in the case of protein/peptide analysis, (vi) thawing and matrix application (e.g. choice of the
matrix, solvent, local mirix concentration, application method, homogeneity of the matrix on tissue

surfaces, and matrix crystal size) are crucial and directly influence the MSI data [f2al@y]
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Fig. 8 A schematic representation of the MALBIIS imagingworkflow. The figure is modified from the

original figure listed in referendé4].

The basic workflow of the MALDI MS imagingxperiment is depicted in Fig. B brief, after carefly
optimizedsample preparatighe biologicalspecimers scanned with pulsedaser for instancenitrogen

gas laser with a wavelength of 337 ana solidstate laser with 343 nnn a grid array of fixed dimensions

(i.e.ROI; region of interest), and the step size is defined and positioned over the section. For each pixel/spot,

a single mass spectrum is recorded. Subsequently, spatial distriaati relative intensities of molecular

ions can be visualize@.e. MS ion imageslsing a color scale corresponding to signalintensties of

ions at each pixel (Fig.)g22, 64] Diagnostic fragment ions resulting from-tssue fragmentation

(MS/MS) experimergcan be used for compound identifications. Otherwise, molecular species annotations

are based ongih mass resolution (R 100, 000) MS | measu
databases comprising of curated/computatiorgdijerated molecules within a certain mass error range,

typically root mean squ[ae error (RMSE) value O 2



Technological advancementpecifically (i) improvements in reproducible sample preparation and data
processingvorkflow to enhance the reliable interpretation of quantitativeitd®jingdata (publication 2,
current thesis)34], (ii) developments in instrumentation such as &teysolution closeo-physiological
condi ti ons ¢ Subcklluld fevel6®], anblecsldr and topographical analysis of 3D surfaces
[69], and (iii) easyto-use bioinformatics and online respiratory tools fdEl data processing and
evaluation[70] have further advanced the field. Furthermoagsombination of MSI with other analytical
techniques including ion mobility MSI, L®S/MS, andbr complementary imaging modalities such as
imaging with Raman spectroscopy, magnetic resonance imaging (MRI), positron emissiography
(PET), computed tmography (CT), microscopic and histological methods (e.g. H&E staimiogsibly
expand and valida the biological conclusions obtained from MS imaging.

1.4 Peroxisomes and peroxisomal biogenesis disorders

1.4.1 Background and general functions

Peroxisomes are ubiquitous, multifunctioraidsingle membrandound subcellular organellésat exist

in nearly every eukaryotic celhitially, theywerereported agmicrobodies in epithelial cells of proximal
convoluted tubules of the mouse kidr&t], and then in rat liver parenchymal cdli2]. Swccessively
after a decade, De Duve coined the napsroxisomegddue to their functional involvement in the hydrogen
peroxide (HO.) metabolisn73]. Further b mention, the granular electrtucent matrix of peroxisomes
consiss of a wide range of FARIependent oxidases (e.g-dnino oxidase, sarcosine oxidaseylaCoA
oxidases, pipecolic acid oxidaserate oxidase) which produce,® during the conversion of their
substrates (such asoline, sarcosine, pipecola@nd uric acid) and the antioxidative enzyme catalase
that decomposes;B, (Fig. 9 [74]. Furthermore, peroxisomescompassanyother antioxidant enzymes
(for instance peroxiredoxin 1 and 5, Cu/Zmperoxide dismutase, glutathione peroxidaseshjreroxide
dismutase, and epoxide hydrolase) which participate in the reactive oxygen (ROS) and reactive nitrogen
(RNS) species metabatis[75, 76]

Peroxisomes are very dynamémd differ in their abundance, size (61um), shape (e.gspherical,

elongated, tubulamnd angular), protein and enzyme composition depending on the cell type, organ,
organism as well as metabolic needs and resportbe éxternal and/or pharmacologicainstili such as

nutritional fluctuations and inflammatory respong&$ 771 Mammalian peroxisomal proteomisgidies

revealed that these versatile organelles possess thanl90 different proteins, whicmediateseveral
degradative (catabolic) and biosynthetic (an@pohetabolic process¢g8]. To mention(i) breakdown of

very-longc hai n fatty acids and bi o a-oxidatione(i) degradatiordoh r vy | i
brancheec hai n fatty aci ds-aa moxidationr(ib) diessynthesis efsetheinked U
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phospholipidg¢plasmalogens)etinoic acid, docosakaenoic acid, cholesterol and dolichol, (iv) formation

of primary and conjugated bile acids, (v) purine and polyamine catabolism, (vi) detoxification of glyoxylate,
and (vii) regulatbn of acy}CoA/CoA ratio (Fig. 9 [79, 80] Utmost of these indispensable metabolic
functionsis unique for peroxisomes, although some require cooperation with other subcellular organelles
such asnitochondra, endoplasmic reticulum (ER), lysosoneesd lipid droplet$81, 82] Described below

are the selected specific functions of peroxisomes that are associated with lipid metabolism.
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Fig. 9 Major meabolic functions of peroxisorseThe figure is modified from the original figupeovided

by Prof. Dr. EvelindBaumgartVogt.

1 Fatt y -omidationd b

Fatty acids (FAs) undergo degradatitmoughs e v e r a | me ¢ R, a-rdbnshmgaatione and . U
amongthe most common route fisoxidation.The peroxisomal betaxidation process wdsst noticed in

plant cells[83], andthenin mammdian cells [84]. | n  ma-oxicedidneccurs fnboth peroxisomes

and mitochondria, whereas in yeasts and plamaiees placeonly in peroxisomeq75]. Though the
mechani st i c -oxdatiomprdesgséseare identical with four subsequent enzymatic reactions,
there are few exceptions between these avganelle systemd-or instance, therimary step ofthe b-
oxidation process in peroxisomes is mediated by-Gof oxidases (ACOX) in contrast to they-CoA

dehydrogenases (ACAD) in mitochondria. Another majotred#ihce is substrate specificiag mentioned
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peroxisomes activelgarticipatein the breakdown of verongc hain f atty acids (VLCF;/
chain dicarboxylic acids, eicosanoidsg(eprostaglandins, leukotrienes), branchhdin fatty acid (e.g.

pristanic acid), bile acithtermediates (e.g. DHCA, THCA), xenobiotics, vitamins E aniMlKochondria

on the other hand, aneainly responsible for the degradation of shartedium, and longchain fatty acids

(O C20) . Further, FAs ar e tr aiCeAs)oacrose ttie parsxisomalt i v at
membraneKig. 9), whereas in mitochondridoey aretransported aacylcarnitineqalso calledcarnitine

ester} via the carnitine shuttle. Moreover, mitochondria completely oxidize FAs via the citric acid cycle,

while peroxisomes merely shorten the fatty acyl chain length and the end products neeahtsfdreedo

the mitochondria for complete breakdoj@0-82, 85].

As detailed in Fig. 9f our sequenti al cy c | i-oxidaton prqress ioclude ()he per
dehydrogenation of fattyacfo As Y 2 tr ans e noy4dCoADxidases (neeACOXlt ed by
ACOX2,and ACOX3), (ii) hydration of +hydeoxydcyGoast ed i n't
catalyzed by bifunctional proteins (i.e-hifunctional protein; LBP and Difunctional protein; DBP), (iii)
dehydrogenation of-Bydroxyacy)Co As Y 3 ket oacyl Gand proteins, évjande d by
thiolytic cleavage of termina c e t y | CoA group ,whkichidiwoaarbdn atores shorgerc y | Cc
than the precursor molecule mediated by thiolase enzymes (i.e. pTH1 and pTKHR; SCP

f Fat t y -ogidatiod U

Brancheedchain fatty acidsomprisng methyl and/omther group at the third carboncannot undergo a

s t r a ioxjdation pbocess. Degradation of such FHa&sy. phytanic acidyequires a prior oxidative
decarboxylation (i.e. removal of carbon atom) to generateethlyl brancheahain fatty acids (e.qg.

pristanic acid), which& n be degr ade do xbiyd apteiroonx.i sTohaossdapohbyyrdcessri ¢ ac
takes placevia the consequent action of various peroxisomal enzymes including (i) vencluig acy

CoA synthetase (phytanic acl phytanoyl CeA), (ii) phytanoytCoA 2-hydroxylase (phytanoyl GA

Y 2-OH-phytanotCoA), (iii) 2-hydroxyphytanoyCoA lyase (20H-phytanotCoA Y pristanal), and (iv)

pristanal dehydrogenagpristanalY pristanic acidl. The resulting pristanic acid undé«ws three cycles

of p er o-gxidationmaad thebthe end productssirattledto mitochondria for a complete oxidation
procesg75, 80, 8185].

1 Ether-linked phospholipids biosynthesis

Etherlinked phospholipids are a unique class of peroxisdereved glycerophospholipids with an ether
linkage atthe sn-1 position and an ester linkagethe sn-2 position of the glycerol backborjg8]. They
predominantly occur in two subgroups (JQOtalkyl (plasmanyl phospholipids), and (ii}Q-alkenyl

(plasmenyl phospholipids; plasmalogens) with ethanolamine and/or choline as head group, rarely inositol
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and serine head groups halsobeen observed. In mammals, ether lipids constitute up-20%8ofthe
phospholipid pool, and the highest levels were withessed in the lung, heart, brain, spleen, kidney, white

blood cells, skeletal muscleand testig81, 86}

Etherlinked phospholipid biosynthesis involves a series of enzymatic reactions ingoenesi and ER. As

shown in Fig. 9the foremost step includdse esterification of dihydroxyacetone phosphate (DHAP) with
fatyacyfCo As t o produce acyl DHAP by the action of pe
acyltransferase (DHAPAT). In the following step, aDHIAP is converted to alkyDHAP by fatty alcohol

and the enzyme alkpHAP synthase (ADHAPS) (Fig.)9Further, the third step is processed in both
peroxisomes and ER, where alHAP i s reduced to al k-G3Pygbyyacer ol
membranébound enzyme acyl/allsp HAP r educt ase. Fi nssubbeguent@dctioysl G3P
in the ER to syntbsize various ethdinked phospholipid speci¢86-88].

1 Synthesis of docosahexaenoic acibljle acids and cholesterolmetabolism

Docosahexaenoic ac{€22:6; n3, DHA) is an important polyunsaturated fatty acid, predominantly found

in thebrain, cerebral corteand r et i na. DHA i s synt hednoleicadid f r om a
(C18:3; n3, ALA) via a sequence of desaturation and elonggpioases ol | owed by - per oxi
oxidation. As the last step in the biosynthetic pathway, docosapentaenoic acid (CZ2:BRA) is

elongated to tetracosapentaenoic acid (C243%,and desaturated to tetracosahexaenoic acid (C23;6; n

THA) in microsomesThen the THA undertakes one cycle of persgimal beteoxidation to form DHA

[89].

Cholesterol is transformed into primary bile acids throwggnifold enzymatic cascadesn various

subcellular compartments (Fig) 9 I n peroxi somes, t he bidihyeroxgci d i n
5 kcholestanoic acid (DHCA) n d 3 U-friilytroxy52 Btholestanoic acid (THCA) undertake one cycle

of betaoxidation to produceprimary bile acids including chenodeoxycholic acid alic acid.
Furthermore, the formed primary bile acids are then converted into taurine and/or glycine conjugates by

bile acidCoA: amino acid Nacyltransferase (BAAT), and subsequently exported from peroxisomes and
excreted into bilg¢90, 91] Besides cholesterol oxidab n sever al i mportant enzy.
reductase (HMGCR; also localized in the ER), mevalonate kinase (MVK), phosphomevalonate kinase
(PMVK), mevalonate diphosphate decarboxylase (MPD), isopentenyl diphosphate isomerase (IPP), and
farnesyl diphosphite synthase (FPP) are localized in the peroxisomes and participate in the

cholesterol/isoprenoid biosynthetic pathw&jg. 9 [92].
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1.4.2 Peroxisome biogenesis

Compelling evidence from different studies has shown that peroxisomes can form either {i) semi
autonomously by derivinipematrix proteins fronthecytosol, membrane proteiasd phospholipids from

ER or (ii) autonomously from prexisting organelles tbugh growth and division (Fig. 1J82].
Regardless of the processsetof heterogeneauproteinsnamed peroxins (PEXAncoded by gend®ey
mediates (ithe formation of peroxisomal membrane assembly incluidnpgrt of membrane proteins, (ii)
import of matrix proteinsand (iii) proliferation of the peroxisomes.

Thus far, more than 32 divergeroxins have been recognized out of which at least 14 are well characterized
in mammals, regulatg various aspects of the persgimal biogenesis process (Fig) 193]. The central
phase®f the peroxisomal biogenesis process are briefly described in the following sections.

1 Peroxisomal membrane assembly and import of PMPs

Peroxisomal membrane proteins (PMPs) are translated on cytosolic polyribosomes and imported from the
cytosol intothe organellemembrane. Three peroxins (i.e. PEX3, PEXa®d PEX19) are known to be
essentigl facilitating the initial stagesof biogenesisand beinginvolved in the peroxisomal membrane
assembly of variouspecies including humans (Fig.)104]. PEX19 is a major cytosoljgrotein, which
formsacargo commx with many different PMPs vaninternal membrane protein targeting signal (mPTS)
motif. PEX3is situatedat the peroxisomal membrane and senassamembraneanchoringsite forthe
PEX19PMPs cargo complex. Similarly, PEX16 is another peroxisomal narabound proteirihatacts

as a receptor fahe PEX19 cargo protein complex loaded with PEX3, 93, 94]

1 Import of peroxisomal matrix proteins

Similar to PMPs, peroxisomal matrix proteins are synthesion ribosomes in the cytoplasm and
subsequently transportedanmport-component (preperoxisomeg85]. The import is mediated byé
peroxisomal targetingignall (PTS 2 and 2 (PTS 2) and various r@ter proteins (peroxins) (Fig. 10
Several peroxisomal matrix proteins consisaafar boxy t er mi nal tripeptide (
the soluble cytosolic receptor proteins PEX5S and PEPS,. 96] whereas a small subset of matrix
proteins (e.g. &etoacylCoA thiolase, phytanoyCoA hydroxylase, AGPS) conservadamincterminal
nonapeptide (PTS2) motifecognized by another cytosolic receptor protein PEXY. As stated, PEX5L
and PEX5S receptsirecognize the PTS1, and PEX€ognizes the PTS2 signals of matrix proteins in the
cytosol forming a cargo complex upon binding and subsequently transgdhtem to the docking and
translocation complex (PEX13 and PEX14) on the peroxisomal memiiangs] After docking, (i) the
matrix proteins are delivered into the peroxisomal matrix (mediated by PEX2, PEXA®PEX12), ad
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(i) then the cytosolic recept® (PEX5 and PEX7) are releasedicled from the peroxisomal membrane
into the cytoplasm for another importcycle(mand i qui ti nati on, medi ated by
PEX1-PEX6-PEX26 complex) and/or degraded (paolyiquitination) by proteasom¢gs, 77]
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PEX 12

PEX 26
Mature peroxisomes

PEX 11 l

PEX 1/. PEX 11

l Inducible division COnstﬂutwe division

Fig. 10A schematic represenia of the peroxisomal biogenesis process. The figure is modified from the

original figure listed in referend&7].

1 Proliferation of peroxisomes

Peroxisomes are multiplied by the fission of-présting organelles (Fid.0). Several studies on different
model systems have revealed thla¢ PEX11 protein family, dynamifike proteins (DLP1/DRP1),
mitochondrial fission 1 protein (Fisl), mitochondrial fission factor (Mff), and gangliositeced
differentiationassociated protein 1 (GDAP1) collectively regulate the shape, size, and abuonflance
peroxisomes in a cell (Fig. 1(98-101]. PEX11 is the highly consexd and most abundant peroxisomal
membrane prote( U, b, a ntiatptaysakeyoole m thensohgation, tubulatipand constriction

of preexisting organelles, while DRP1/DLP1, Fis1, Mff, and GDAP1 are involved in the final fission event
of peloxisomes as well as mitochondf¥b, 77, 101]
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1.4.3 Peroxisomal disorders

The functional importance of peroxisomes and their metabolism is emphasized by the discovery of
numeroudatal peroxisomal disorders (PDs). The peroxisomal disorders are broadly categorized into (i)
defects in spcific metabolic pathways (i.e. peroxisomal enzyme deficiencies) and/or (ii) defects in
functions and assembly of peroxisomes (i.e. peroxisomal biogenesis disorders).

1 Peroxisomal enzyme deficiencies

Peroxisomal enzyme deficiencies (PEDs) are-dabsifiedaccording to the impairment of a specific

met abolic pathway. For instance, P EoRidation, (iiefattp s s oci a
a c i -oxidaltion, (i) glyoxylate metabolism, (iv) ethdinked phospholipid biosynthesis, (v) bile acid

synthesis, (vi) KO, metabolism, and (vii) cholesterol biosynthd3is, 80, 85, 102]Table 4 provides an

overview ofPEDsalong with tle genes involved and the corresponding metabolic function abiiterma

Table 4: List of peroxisomal enzymgeficiencieghttp://www.peroxisomedb.orp/

Peroxisomal enzyme deficiencies (PEDS) Mutant gene Altered metabolic
function

X-linked adrenoleukodystrophy (ALD) ABCD1

Acyl-CoA oxidase deficiency ACOX1

Acyl-CoA oxidase deficiency ACOX2

D-bifunctional protein deficiency HSD17B4 b-oxidation
Sterotcarrierprotein X deficiency SCP2

2-methylacylCoA racemase deficiency AMACR

Acyl-CoA binding domain containing 5 deficiency | ABCD5

Refsum disease PHYH/PAHX U-oxidation
Primary hyperoxaluria type 1 AGXT Glyoxylate metabolism
Primary hyperoxaluria type 2 GRHPR

Primary hyperoxaluria type 3 HOGA1

Rhizomelic chondrodysplasia puncatata 2 GNPAT Etherlinked
Rhizomelicchondrodysplasia puncatata 3 AGPS phospholipid

biosynthesis

Rhizomelic chondrodysplasia puncatata 4 FAR1
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ATP-binding cassette stilamily D member 3 ABCD3

(PMP70) deficiency Bile acid synthesis
Bile acidCoA: amino acid Nacyltransferase BAAT

deficiency

Acatalasemia CAT H>0. metabolism
Mevalonate kinase deficiency MVK Cholesterol biosynthesi

1 Peroxisomal biogenesis disorders

Peroxisomal biogenesis disorders (PBDs) are a diverse group okysi#hic genetic disorders that arise

due tomutations inPexgenes, which encode PEX proteins required for the normal pentiiswogenesis
processBased on the clinical manifestations and biochemical abnormalities, PBlreadéy/categorized

into (i) Zellweger spectrum disorders (ZSDs), (ii) rhizomelic chondrodysplasia puncatata type 1 and 5, and
(i) peroxisomal fission defectgl03]. Table 5 summarizes the peroxisomal biogenesis disorders with
information on the genes involved.

Table 5: List of peroxisomal biogenesiisorders littp://www.peroxisomedb.orp/

Peroxisomal biogenesis disorders (PBDs) Mutant genes
Zellwegersyndrome Pex1, Pex2, Pex3, Pex5, Pex6, Pe)
Pex11hb, Pex12, Pexl
Pex26
Neonatal adrenoleukodystrophy Pex1l, Pex3, Pexb5, Pex6, Pex10, Pe

Pex13, Pex26

Infantile refsum disease Pex1, Pex2, Pex5, Pex6, Pex10, Pex12, P

Rhizomelic chondrodysplasia puncatata type 1 | Pex7

Rhizomelic chondrodysplasia puncatata type 5 | Pex5L, Pex7

Peroxisomal fission defects Pex11(U , ), DhP1/DLR] Fis1, Mff, GDAP1

Zellweger syndrome (ZS), neonatal adrenoleukodystrophy (NALD), and infagftiem disease (IRD)

with an overlap of clinical symptoms are referred to as ZSDs. Among ZSDs, ZS exhibit the most severe
phenotype with craniofacial abnormalitiggor instance high forehead, large anterior fontanel,
microcepahaly, long filtrum), hypot@n neuronal migration defects, hepatic, and renal insufficiency with

which patients rarely surviyand die within their first year of life. While, NALD is intermediate in severity,
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and patients with NALD suffer fromhepatomegaly, retinitis pigmentos#ypotonia, seizures,
polymicrogyria, and absence of visual and auditory responses with which usually die in late imfancy.
comparison to these two disordelRD is a less severe phenotype with vision problems, hearing loss,
developmental delay, and somegdee of intellectual disability that may survive into late childhood.
Nonetheless, liver diseases, neurodevelopmental delay, retinopathy, and peripheral deafness with onset in
the early months of life are commamongthe ZSDs[94, 104] Mutations in at least 13 genes (Table 5)

have been reported to cause ZSDs, amonghwihie majority of the patientgse diagosed with defects in

the Pex1[105].

Rhizomelic chondrodysplasia puncatata type 1 (RCO#’dgused by defects in tiex7which acts as a
receptor for the PTSehediated matrix protein imporfRCDP1 is the second most common PBD
characterized by skeletal abnormalities, marked rhizomelia, mental retardation, congenital cataracts,
neurological impairmentsand respiratory problenid06]. RCDP5 (similar phenotype &CDP1)is a
recently reported disease caused by the loBexd. [75].

Peroxisomal fission defects in which peratigal maintenance is compromisate manifested due to

mutations inPex11 DLP1/DLR] Fisl, Mff, andGDAP1(Fig. 10. Mitochondrial encephalopathy, tubular
peroxisomes and mitochondria in cells were observeBLR1 [107] and Mff mutant patient§108],

whereas elongated peroxisomes and mitochondria were noticeDAR1 deficient patient$109]. The
Pexllgene encodes the PEX11 protein family,andwdhiodh c
with distinct functions. Amonghem P e x lisletx pr essed constitutively thro
and 9 i s of spediisandareavidentinagordy inehe liver, heart, kidneynd testig77, 110] Li

and Baumgartet al. generateda P e x lkdobkout (KO) mouse model, in which a reduced number of
peroxisomes, neonatal lethality (die immediately after birth), and severe pathological features of ZS such

as developmental delay, hypotonia, and neuronal apoptosis were obdddde®Gimilar totheP e x 1 1 b
deficient mouse model, ZS phenotype features including congenital catanédtintellectual disability,

progressive hearing loss, gastrointestinal problems, and cells with elongated peroxisomes were observed in

a human patient diagnosed with mutations in Phe x 1gé&nb[112]. Further, Li and Baumgast al
demonstratedhat (i) overexpression oP e x 1by @phenyl butyric acid (a neolassical peroxisome
proliferator) resulted in peroxisomal proliferaticemd (i) in contrast toP e x 1PLebx 1KD @nimab

develomd normally (adulthood) and displayedmild phenotypg110]. Furthermore, in a recent stydy

reduced peroxisomal abundance, accumulation of triglycerides in the liver (nonalcoholic fatty liver disease)
[113], and elevated levels of palmitic aciddaother fatty acids in brown adipose tissue were observed in

P e x ldefidient mice challenged with a hight diet [114]. Nevertheless, idepth molecular and
physiological functionsof the PEX11 protein family and their isoformrB ¢ x 101,0 netabolicand
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molecular alterations due to their deficiencies in different cell types/ovgegesnisms and their

implications in peroxisomal disordeare still poorly understood.

1.4.4 Peroxisomaldisordersi clinical and biochemical perspectives

In general (i) elevated levels of VLCFAs, pristanic acid, phytanic acid, DHCA, THCA, pipecoliciacid
plasma (ii) reduced levels of plasmalogens and DHA in plasma and skin fibroblasts, (iii) elevatsdlev
LPC(26:0) and CAR(26:0) in dried blood spots soene ofthe biochemical parametettsat areproposed

for clinical suspicion of peroxisomal disordé¢r®, 81, 115] Further, (i) individual enzyme activity assays

and immunoblot analyses of various proteins (e.g. ACOX1, DBP, DHAPT, PHYH), (ii) presence or absence
of peroxisomesvith immunofluorescence microscopy using antibodigainst membrane proteins (e.g.
ABCD3/PMP70) and peroxisomal matrix proteins (e.g. catalase), and (iii) molecular genetic analysis (e.qg.
transfection complementation assays, fgetieration sequencing) of the relevant implicd®ed genes

provide nore progpostic information on peroxisomal disord€r5, 105, 116, 117]

Currently, there is no curative treatment for peroxisomal disqrdetsdisease management is limited to
surveillance and developmental assessments. Over several decades, pathogenesis and pathophysiological
consequences of deadly peroxisomal disorderd,the role of peroxisomes in health and disease states
have been investigated by using specific cell types ¢igpdendrocytes, fibroblasts, hepatocytasd

neural cells), yeast, and mouse models by selective disruption of genes encoding eithsomaltoxi
biogenesis or the metabolic functions. For instance, PBD mouse models were generated with disruption of
genes responsible for PTISand PTS dependent matrix protein import (eRpx5 Pex2 Pex13, only

PTS2 dependent matrix protein import (eRex7), peroxisomal proliferation (e.gpex11Uandb), and

specific metabolic pathways (includif@npat Acoxl Hsd17B4 Scp2 Abcdl Ehhadh Slc27a2 Amacr,

mThh and caf) [81, 110, 111, 118, 119]JAlthough vast progress has been made in understanding
peroxisomal biology, severéihe details concerning the metabolic functions, biogenesis, morphogenesis

of peroxisomes, and underlying molecular pathophysiology mechanisms of differensperailisorders

remain to be resolved.

1.5 Summary andoutline of the thesis

This thesis focuses on mass spectromgtiied (LGMS/MS, MALDI MS imaging, and direct flow

injection ESFMS/MS) molecularomics (lipidomics, metabolomic&nd proteomics) performed in the

di stinct bi ol ogi cal speci mens of ,anehearty pesomisne bi o0ge
bi ogenesi s Ykaockoubmousk thddely, datiiffiegent stages of mouse postnatal pulmonary
developmenprocess The first part of this thesicljapter I) familiarizeswith the systems biology, an

overview of mass spectrometnasedmolecularomics technologies including proteomics, metabolomics
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and lipidomics,the history and basic principles of mass spectrometry, and mass spectrometry imaging
methodologies. In additiorghapter | summarizes a brief review of the biochemistry of peroxisomes
including the background of peroxisome organelles, major metabolic functtomnected with lipid
metabolismperoxisomabiogenesis procesanddiseases associated with peroxisome dysfunction, clinical
and biochemical perspectives of the peroxisomal disorders.

The second part of the thesishépter IlI, publication 1) focuses onsemiquantitdive lipidomic,
metabolomic, and proteomic analysesvafiousbiological specimens.€. serum, liver and heajtfrom
peroxi somal bi Peeddefdiestmideact or 110 (

MeOH/MTBE/H,0
extraction

UHPLC-HRMS/MS
data acguisition

Y = A
T e
PR V) L "‘-\ ’
’, L) LI
"4 O \\‘ 'ﬁ-‘“ .
e J
PRUAS u

.. Pex11aknockout
s, mouse model .’
~ -

-

i Serial-omics i
m i dataanalysis |
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i Pathway analysis i

v | Statisticalanalys's ;

Fig. 11 Graphicalrepresentation ahe sequentiamolecularomics (lipidomics, polar metabolomics, and

proteomics)analyses oflistinctbiological specimens frof e x krio¢kout micg20].

Briefly, serum and tissue homogenates (i.e. liver and heart)ddoththreemonthold wild type (WT)and

P e x krotkout (KO)mice were subjected to MTBE/MeOH#8 liquid-liquid extraction and optimized

an integrated workflow for the simultaneous extraction of lipids (upper organic phase), polar metabolites
(lower aqueous phase), and proteins (sediment pellet) from the samernaminimal amount of sample.

After extraction, distinct phases were processed and subjected to rglaiviitative molecular omics
analyses using a reversphdase ultréhigh-performance liquiechromatography coupled with high

resolution tandem mass spectrometry (UHRRMS/MS). Lipidomicdatasets were obtained individually
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in positive and negativéon mode in a datdependent manner (Full MS/dd®¥ S op15) and processed

with LipidSearch software. Similarly, polar metabolomics datasets were attained independently irr positive
and negativéon mode (Full MS/ddM% Top10) and analysed with Progenesis QI software, while bettom
up proteomics datasets were acquired in positimemode(Full MS/ddMS, Top10) and processed with
Proteome Discoverer software. Further, statistical and pathway eteipn of the moleculasmics data

were performed with MetaboAnalyst, PANTHER, and BINGO bioinformatics tools (Fig. 11).

Falsepositive identificationsare a major concen in regular untargeted lipidomics anthetabolomics
experimentsin thiswork, we optimized andused a series of filtering criterend manual curatio(i.e.

accept, rejector reassignytrategieso reduce false positivesdprovidedunambiguoudipid/metabolite
identifications.For instancesignatto-noiseratio, peak shape and quality, number of data points per peak,
mass accuracy, isotogacofile and faty acid distribution pattertipid class and molecular speciggecific
diagnostic fragment ions, characteristetention tims based on the polarityarea elative standard
deviation confirmation in bothion modes, etaneasuresverecautiouslymonitored for each precursor ion.

After minimizing several false positigea total 0690, 908and 939 lipid species weamnotatedn serum,

liver, and heart tissethomogenate€ollectively, theelipid species represent 22 distinct lipid classesl

the majority of themare grouped intothree main lipid categories hamely glycerophospholipids,
sphingolipids and glycerolipids.Among then, 102 (64 increased, 38 decreased) in serum, 145 (80
increased, 65 decreased) in liver, and 102 (12 increased, 90 decreased) lipid species in heart exhibited
significant (FDRadjustedpr al ue O 0. 05) differential PakiK@®dJances
mice, in comparison with tirdVT controls Of note,a greater number etherlinked and docosahexaenoic
acid-containing lipid species exhibited lower abundances iPteex KO bhouse specimenb the case

of polar metabolomicsl23 (serum), 98 (liver), and 80 (heart) metabolites warstatedandamong25,

12, and 11 msbolitesrevealed statistically significant differences in the abunda(fe@&-adjusted p
value O 0. 05, offPe i iK® ticehOoliecivelyg methbolic p&hwagnrichmentinalyses
uncoveredhatthesedifferentially abundaniipid speciesandmetabolitesare linked withipid metabolism
(glycerophospholipid, s p hi n glinolemicpacidl and @ dchjdorecraoid i pi d,
metabolism, and fatty acid degradaticanino acid metabolisiitryptophan, purine, tyrosine, cysteine and
methionine metabolism, and lysine degradati@arbohydrate and nucleotide metabolic pathways
Furthemore labeklree relative quantitave proteomics data revealed significant changexbimdances

(bval ue threshol d O oD54 préeins @aitcieasedt 1B deersabedijéncand29 2 )
proteins (14 increased, 15 decreasedigart tissue homogenatelsP e x KO fice. The gene ontology
enrichment analysis of these differentially abundantproteins indicated that they were involved in
translation, protein folding, amino acichetabolism, nucleotide metabolism, fatty acid processing,

carbohydrate metabolism, steroid biosynthesis, electron transport chain, and ROS met@belialhan
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integrated workflow was optimized for sintaheous moleculaomics analysefom thesame smpleand
demonstrated significant specimgpecific changes in the relative abundances of lipids, polar metabolites,
proteins and metabolic pathwayis different biological specimen®f P e x 1KDUadult mice. This
comprehensive moleculamics study could serve aseference foa better understanding of the roles of

P e x JardUholecular meciéms of peroxisomal disorders.

In thethird part of this thesighapter Il , publication 2), high-resolution in masandspace atmospheric
pressue scanning microprobe MALDI M#naging(AP-SMALDI MSI) was employedor the first time

to characterize the lipidome of late fetal mouse lungs at day 19 of gestation (E19)., ortpimized

samplepreparatiommnddata processing framewowkasdevelopedor reliable relative comparison tfie

signal intensities of lipids and other endogenous metabolites directly from d{stigpcWT control and
P e x KO)fbiological specimens (Fid.2).

@ -3
® w

I

Relative intensity
Relative intensity

z

8
8

Optimized data Stitch WT & KO RAW to imzML
processing framework imzML files conversion

Fig. 12Schematic representation of the optimi2dSMALDI MS imaging workflow [34].

The most critical part of this study was the handling and cryosectioning of E19 mouse lung tissues due to
their typical fetal structure and differences in consistency among divergent tissues. After several efforts,
optimal tissue processing and cryosedtigrprocedures were optimized for E19 mouse lungs without using

any tissueembedding material. Then, -1@n thick cryosections were obtained and scanned at a high mass
resolution (140,000 @n/z200) and high spati al reso-BMALDIZ®Nn (10 (
imaging ion source coupled to an orbital trapping mass spectrometer (Q Exddpiet)species from

different lipid classes (i.e. fatty acids, glycerophospholipids, lysoglycerophospholipids, sphingsmyelin
ceramids, triglyceridescarnitine esrs,sulfatides)and other endogenous metabolitegg( CDPCholine

were identifiedwith different charge carriers (i.e. protonated, sodiated and potassiated in gonitivede,
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deprotonated in negatisten mode). The lipid species were characterizegbflaon accurate mass (RMSE

O 2 p p myssuatandemanass spectrometry (lipid class and lipid speméesfic diagnostic fragment

ions) experiments in both positivand negativéon mode.In mammals lung development (e.g. the
alveolarization proce¥sontinues postnatally until adult ageublication 3 current thesjs However in

this study, late fetal mouse lungs at day 19 of gestation (E19, before birth) were used, in which the lungs
are not completely developed, type | and type Il cells in Neokar region, as well as club cells in the
bronchiolar region are not fully differentiated.
therefore it is still very dense and cells are very closely neighbouring to each other. Thertfisretage,
it would be relatively difficult to resolve distinct cell types in the tissue, &nd the majority of the
identified lipid species wernebiquitouslydistribued in the whole E19 mouse lung tissue sections

[ WT & Pex11P KO E19 mouse lung MSI data (stitched imzML)

]

T Y
* DHB (+ve) matrix signals :
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J

o
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]
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)
[ )
[ )
[ )
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tandem mass spectrometry (MS/MS)

J

Final list of differentially abundant lipids between WT & KO E19
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Fig. 13 An ovewniew of the optimized MALDI MS imagingsemiquantitdive data processing and
evalugtion frameworl{34].

It is worth mentioning that deficiencies of most peroxisomal biogenesis genes lead to early death of the
pups after birth (e.d?ex 5P e x lelch. Due to this reason, the E19 lung (gestation period of laboratory
mice is 1921, average 20 days) is an ioml model to study molecular differences occurring due to
peroxisomal deficiency or any of the gene deficiency models leading to neonatal death of tAdt@ups.
characterization of the E19 mouse lung lipidome, a dedicated sample prepateitegyand data

processing framework were optimized to compare the direct relative signal intensities of analytes among
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different tissue sections (Fig. 1Briefly, 12-um thick tissue sectionffom WT controlandP e x KO b
E19 mouse lung tissaevere analyseduccasivelywith identical instrumentand experimental conditions
in bothpositive and negativéon mode Care was taken to spray homogenous distribgtiématrix (.e.
2,5-dihydroxybenzoic acidn positiveion mode, pranitroaniline in negativeion mode) oo tissue
surfaces Sprayed mtrix crystal size were monitored with an optical microscopebefore MS data
acquisition,andthe matrix homogenouslistributionpattern wagonfirmedwith matrix-clusterion signals
(MS ion images)across differentissue sectionsAmong the annotatedspecies severallipids (e.qg.
lysophospholipids, plasmalogens, sulfatides] carnitineestery and endogenous metabolifesg. UDP-
N-acetyl glucosamineshowed differential abundances between WTRiedx K@ B19 mouse lung tissue
sections.To validatethese biological findings, andto distinguish the technical and biologicariances
differentially abundantipid MS ion images were gersed (i) without normalization,(ii) with TIC
normalizationiii) normalizedwith homogemeouslyspreadmatix-clusterion signak, and(iv) normalzed
with uniformly distibuted endogenous signals. Regardless of the normalization approach, MSI data
generated with theptimizedsample preparatioand instrumental setughowed consisteérresults and
normalization did not induce any major changein the differential abundance patterof the
lipids/metabolitesacrosdifferent tissue sectiongurthermore, differentially abundamtolecularspecies
werecorroboratedvith different ion adducts in positiien mode, with biological and technidailplicates,

and ontissue tandem mass spectrometry experiments.

To address the lipid molecular changescurringover the course opostnatal pulmonary development
(chapter IV, publication 3), a comprehens@/quantitative lipidomic analis of mouse whole lung tissue
homogenatewas carried ouat different stages of the postnatal development procesd 4R Concisely,
snapfrozen lungs from newborn (P1), ‘tayold (P15), ad 12weekold adult (P84) male mice were
homogenized, two naturally not occurring lipid species for each lipid class (except for SM and PE P) and
deuterated cholesterol were added as internal standards, and then the lipids were extracted, employing a
chloroform/methanol/water GHCl/MeOH/HO) mixture-based liquidiquid extraction protocol (Bligh

and Dyer method). After extractiodried lipid extracts(i.e. chloroform phaseyere subjected to direct

flow injection (shotgun lipidomics) analysis using a triglgadrupole mass spectrometer equipped with an
electrospray ionization source in positiem mode. The diagnostic fragment ions (ergz 184 for PC,

PCO, LPC and SM m/z 364, 390, and 392 for Plgased plasmalogensy/z 264 for Cer;m/z 369 for
cholesterol and CE lipid species) and neutral loss scansre.p41 and 185 for PE, P8)/z189 and 277

for PG and PI) were used for identification and quantitation of lipidiepe@he lipid species were

guantified by plotting the standard calibration curves of naturally occurring lipid species.
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Fig. 14Overview of the quantitative lipidomics analysemouse whole lung tissue homogenatesng

postnatal pulmonary developmd8].

In total 203 lipid species spanning 160 glycerophospholipids 2&PC,11 PC O23PE,33PE P16 PG,
15 PI, 23 PS,15 LPC), 24 sphingolipids (SPL5 SM, 7 Cer, 2 HexCel), 18 cholesteryl este(€E), and

cholesterofrom mouse lung whole tissue homogenatese quantifiedFig. 14B) and providedi) total

lipid quantity (nmol/mg wet weight) (i) detailed overviewand distributionpatterrs of analyzed lipid
classe (mol%), (iii) molar abundancggsmol/mg wet weight) of individual lipid specig$y) molarratios
of the selected lipid classeand(v) distribution pattera of GPs according to carbon chain length (total

number of carbon atoms) and degree of unsaturation (total number of double IRyefl), total

glycerophospholipidqum of all analyzed GP speciem)d cholesterol levels were elevated during the
developmat procesdfrom P1 to P84. Furthestagespecific variations werevitnessedin the case of

individual molecular species of various lipid classes (detailedapter I\J. To mentiora few,themajority

of themonounsaturateftotal number of double bonds =ligid species were elevated in newbaungs

andadult lungsexhibitedhigh levels of polyunsaturatddt ot a |

number dpid spkoes.b | e

Whereas, high levels of myristic and palmitic acid containing lipetes wer@oticedin two-weels-old

mouse lungsCollectively, this studyprovidesa quantitative(molar concentrationsnapshobf mouse
whole lung lipidome during postnatal developmenthich offers a unique resourcdor a better

understanding abrgan(lung) development and pulmonary diseasesnectedvith lipid metabolism.
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To sum upwith the help of mass spectrometiyided molecular omics approaches, the results described
in this dissertation revealdbat several molecular signaturaad metabolipathways were alterdd the
distinct biological specimens ¢f e x 1land® e x KO fnouse modelsThese resultsnight serve as a
unique reference fdollow-up validation studies with independent lacgéorts which opensiew avenues

to identify diagnostic biomarkersand also facilitates understandinghe molecular underpinnings of
peroxisomal disorderdn addition, the optimized singlesamplesequentialmolecularomics workflow
couldbeseamlesshadapted to a large variety of ottstudies particularlyin disease modelsith limited
sample availability such asborn errors of metabolismt is worth mentioning that,he developed
workflow wasusedto comprehendhe role of peroxisomes idiopathicpulmonary fibross (unpublished
data, manscript 10), and modulation of immunt-brain communicatiorin systemic inflammation
(unpublished datamanuscript11). Similarly, the optimized semiquantitative MALDI MS imaging
workflow for direct comparison of signal intensitie$ analyteswas utilized to unveil the molecular
compositional changes iP e x 7 1ribuse heart (unpublished datmanuscript9), and organum
vasculosum laminae terminatifat-1 transgenic mouse brainn d e r 't h e -Bfattly dcidssdaringe o f

systemic inflammation (unpublished datzanuscriptll).
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Abstract

Peroxisomes are versatile single membrane-enclosed cytoplasmic organelles, involved in reactive oxygen species (ROS) and
lipid metabolism and diverse other metabolic processes. Peroxisomal disorders result from mutations in Pex genes-encoded
proteins named peroxins (PEX proteins) and single peroxisomal enzyme deficiencies. The PEX11 protein family («, p, and y
isoforms) plays an important role in peroxisomal proliferation and fission. However, their specific functions and the metabolic
impact caused by their deficiencies have not been precisely characterized. To understand the systemic molecular alterations
caused by peroxisomal defects, here we utilized untreated peroxisomal biogenesis factor 11a knockout (Pex1a KO) mouse
model and performed serial relative-quantitative lipidomic, metabolomic, and proteomic analyses of serum, liver, and heart
tissue homogenates. We demonstrated significant specific changes in the abundances of multiple lipid species, polar metabo-
lites, and proteins and dysregulated metabolic pathways in distinct biological specimens of the Pex!/a KO adult mice in
comparison to the wild type (WT) controls. Overall, the present study reports comprehensive semi-quantitative molecular
omics information of the PexIIa KO mice, which might serve in the future as a reference for a better understanding of the
roles of Pex11a and underlying pathophysiological mechanisms of peroxisomal biogenesis disorders.

Keywords Lipidomics - Metabolomics - Proteomics - Mass spectrometry - Peroxisomes - Peroxisomal biogenesis disorders

Introduction of very long-chain fatty acids (e.g., VLCFAs, > C22) and of

bioactive secondary lipid mediators (such as prostaglandins

Peroxisomes are small (0.1-0.5 um in diameter), single
membrane bound, subcellular organelles present in almost
every eukaryotic cell. They play a central role in a wide
variety of vital metabolic functions, namely (i) B-oxidation
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and leukotrienes), (ii) a- (e.g., phytanic acid) and B-oxidation
(e.g., pristanic acid) of branched-chain fatty acids, (iii) bio-
synthesis of ether-phospholipids (e.g., plasmalogens), cho-
lesterol, dolichol, and conjugated bile acids, (iv) glyoxylate
detoxification, and (v) breakdown of polyamines and purines
[1]. The granular matrix of peroxisomes contains a large
variety of oxidases, producing not only hydrogen peroxide
(H,0,) during the conversion of their substrates but also the
antioxidative marker enzyme catalase that cleaves H,0, into
water and oxygen, and protects the cell from excessive ROS
production [2, 3].

The abundance, size, shape, protein/enzyme composition,
and functions of peroxisomes can differ based on the physi-
ological condition and metabolic needs of the cell type, tis-
sue, organ, and/or organism [3, 4]. Regulators of malleability
and biogenesis of peroxisomes are a set of heterogeneous
proteins referred to as peroxins (PEX proteins), located in
the cytoplasm, the peroxisomal membrane as well as their
matrix. They mediate all steps in peroxisomal biogenesis,

@ Springer

51



2236

Garikapati V. et al.

such as (i) the formation of the peroxisomal membrane, (ii)
the import of their membrane and matrix proteins, and (iii)
the proliferation of the organelles. Hitherto, more than 32
distinct PEX proteins have been recognized (named with
reference to their date of discovery), out of which at least 14
are conserved in mammalians [5, 6].

The functional importance of peroxisomal metabolism for
health in humans is emphasized by the existence of numer-
ous peroxisomal disorders. These devastating genetic human
diseases are either resulting from mutations in Pex genes
(peroxisomal biogenesis disorders, PBDs, or Zellweger
spectrum disorders, ZSDs) or genes encoding single per-
oxisomal enzymes (peroxisomal enzyme deficiencies, PEDs)
[1]. In both cases, the specific metabolic functions of multi-
ple organs (such as brain, liver, kidney, adrenal gland, testis,
bone, and many others) are severely disturbed, affecting the
organism at a systemic level and often resulting in premature
death. The processes that are usually affected are the fatty
acid p- and a-oxidation, the plasmalogens biosynthesis, the
glyoxylate metabolism, the bile acid synthesis, and the H,0,
metabolism [7, 8].

To study PBDs, Li and Baumgart et al. previously gen-
erated and bred Pex// (a and ) knockout mouse models
and performed their basal characterization [9, 10]. Thereby,
they also identified a third Pex!1 gene (Pex11y). The three
PEX11 protein isoforms (a, B, and y) are responsible for per-
oxisome proliferation and fission by mediating elongation,
tubulation, and constriction of pre-existing peroxisomes
[11-13]. Pex11f is expressed constitutively throughout the
tissues, whereas o and y isoforms are tissue specific and
pronounced considerably in the heart, liver, and kidney as
well as testis [10, 11]. In contrast to the knockout of Pex/1p,
which induces a phenotype similar to Zellweger syndrome
and neonatal lethality, mice with a Pex//a KO display a
mild phenotype and are viable after birth [9, 10], enabling
investigations of the impact of peroxisomal defects on the
lipid, metabolite, and protein composition of various organs
(e.g., liver, heart, kidney, lung, and brain) and biological
fluids (e.g., serum) in adult mice. Indeed, adult Pex//a
knockout mice when treated with a high-fat diet develop
nonalcoholic fatty liver disease [ 14].

In systems biology, concurrent extraction and investiga-
tion of various biomolecules (including proteins, peptides,
lipids, and polar metabolites) and integration of mass spec-
trometry-guided multi-level molecular omics data (such as
lipidomics, metabolomics, peptidomics, and proteomics)
of the same sample has become a promising strategy to
improve the understanding of complex biological cascades
[15]. A series of recent studies has demonstrated one-step
extraction protocols for serial-omics analyses from a single
piece of sample and has been applied in cancer [16], cardio-
vascular [17], pulmonary [18], plant [19], and toxicological
research [20].

@ Springer

In order to characterize the metabolic alterations occur-
ring due to Pex//alpha deficiency, we investigated changes
in the lipidome, metabolome, and proteome of different bio-
logical specimens (serum, liver, and heart) from Pex//a KO
adult mice using a liquid-liquid extraction method combined
with untargeted sequential omics approaches by ultra-high-
performance liquid chromatography equipped with high-
resolution tandem mass spectrometry (UHPLC-HRMS/MS).
Our study provides extensive semi-quantitative molecular
information on the metabolic alterations in Pex//a KO mice,
which will complement the understanding of the molecu-
lar functions of Pex//a and underlying pathophysiological
mechanisms of peroxisomal biogenesis disorders.

Materials and methods
Materials

Ammonium bicarbonate, ammonium formate, bovine serum
albumin, dithiothreitol (DTT), iodoacetamide (IAA), methyl
tert-butyl ether (MTBE), thiourea, and urea were purchased
from Sigma-Aldrich (Steinheim, Germany). LC-MS grade
solvents acetonitrile (ACN), methanol (MeOH), water
(H,0), 2-propanol/isopropyl alcohol (IPA), and formic acid
were procured from Honeywell Riedel-de Haén (Seelze,
Germany). The synthetic lipid internal standards were
procured from Avanti Polar Lipids (Alabaster, AL, USA).
Sequencing grade modified trypsin was obtained from Pro-
mega Corporation (Mannheim, Germany) and RapiGest SF
surfactant from Waters Corporation (Milford, MA, USA).
Bradford reagent was purchased from Bio-Rad Laborato-
ries (CA, USA) and ZipTipc,s from Merck Millipore (MA,
USA).

Pre-analytics

Pathogen-free C57BL/6 J mice were obtained from the cen-
tral animal facility of the Justus Liebig University Giessen,
Germany. They were kept on a normal laboratory diet and
water and maintained under standard environmental condi-
tions. The generation, breeding, and basal characterization
of Pex11a KO animals were described in details earlier [9].
Adult 3-month-old male mice (WT control and homozy-
gous PexIla KO) were narcotized using 3% isofluran and
sacrificed by cervical dislocation. For the isolation of heart
and liver, the animals were perfused with phosphate buffer
saline through the left ventricle to remove the blood. Liver
and heart tissues were dissected, snap-frozen immediately
in liquid nitrogen, and stored at — 80 °C until further pro-
cessing. Blood was extracted by cardiac puncture immedi-
ately following the cervical dislocation and left standing for
30 min at 37 °C to separate the serum from the red blood
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cells. Then, the samples were spun for 10 min at 1500 g
at 4 °C, and serum was collected and stored at — 80 °C until
further use.

The animal experiments were performed in accordance
with the German Animal Welfare Law and recommendations
of institutional animal welfare officers. All experiments were
approved by the German Government Commission of Ani-
mal Care (Justus Liebig University internal classification:
JLU-Nr.: 616_M, Project ID: 1016 Peroxisomen).

Liquid-liquid extraction

Ten milligrams of the snap-frozen liver and heart tissues
from three biological replicates of WT control (Pex/ 1a™™'*)
and homozygous Pex! la KO (Pex]1a™'~) mice were homog-
enized in phosphate buffer saline solution (200 pl) using a
tissue homogenizer (Retsch GmbH, Germany) with zirconia
beads for 1 min at 20 Hz at 4 °C. 200 pl of liver or heart
tissue homogenates and/or 80 ul of serum were transferred
into respective glass vials and subjected to liquid-liquid
extraction as reported earlier [16]. Briefly, 750 ul of ice-
cold methanol (LC-MS grade) containing the following
lipid standard mix: 56 pmol phosphatidylethanolamine (PE
17:0/14:1); 52.5 pmol phosphatidylglycerol (PG 17:0/14:1);
82.5 pmol phosphatidylinositol (PI 17:0/14:1); 90 pmol
phosphatidylserine (PS 17:0/14:1); 56 pmol phosphatidyl-
choline (PC 17:0/14:1); 47.5 pmol lysophosphatidylcholine
(LPC 17:1); 16.6 pmol lysophosphatidylinositol (LPI 17:1);
84.6 pmol lysophosphatidylserine (LPS 17:1); 50 pmol
lysophosphatidylglycerol (LPG 17:1); 42.8 pmol lysophos-
phatidylethanolamine (LPE 17:1); 69.6 pmol sphingomy-
elin (SM d18:1/17:0); 50 pmol cholesteryl ester (ChE 19:0);
90.4 pmol ceramide (Cer d18:1/17:0); 77.6 pmol hexosyl-
ceramide (HexCer d18:1/12:0); 30 pmol triglyceride (TG
17:0/17:0/17:0) were added to the homogenate samples and
vortexed vigorously for 1 min. After that, 2.5 ml of ice-
cold MTBE (anhydrous, 99.8%) were added to each vial
and vortexed for 1 h at room temperature. Later, 625 ul of
ice-cold water (LC-MS grade) were added for phase sepa-
ration, vortexed for 1 min, and centrifuged at 4,000 g for
15 min at 4 °C. After centrifugation, the upper non-polar
(lipids) and lower polar (metabolites) phases were separately
collected, transferred to fresh vials, dried out in vacufuge
concentrator (ambient temperature), and stored at — 80 °C
until further analysis. The lower sediment (protein) pellets
were resuspended in 250 pl of lysis buffer containing 0.1%
RapiGest, 1 M urea, 0.2 M thiourea, and 70 mM dithiothrei-
tol in 50 mM of ammonium bicarbonate buffer solution. The
resuspended solution was vortexed vigorously followed by
centrifugation for 10 min at 14,000 g at 4 °C and the super-
natants were collected and stored at — 80 °C until further
processing.

Lipidomics (upper organic phase)

Dried lipid extracts were resuspended in 100 ul of
ACN:IPA:H,0 buffer (65:30:5 v/v) and analyzed using a
hybrid quadrupole orbital trapping mass spectrometer (Q
Exactive; Thermo Fisher Scientific, Bremen, Germany).
In brief, 10 ul of resuspended lipid extract were loaded
on a reversed-phase ACQUITY UPLC HSS T3 (1.8 um,
100 x 2.1 mm, Waters Corporation) column and separated
using a Dionex UltiMate 3000 UHPLC system (Thermo
Fisher Scientific), with a flow rate of 250 ul/min. The sol-
vent system consisted of eluent A (H,O:ACN, 40:60 v/v)
and eluent B (IPA:ACN, 90:10 v/v) both with 10 mM ammo-
nium formate and 0.1% formic acid. Lipids were separated
with a 28 min multi-step linear gradient of 30 to 100% elu-
ent B (electronic supplementary material, ESM Table S1).
The column temperature was set to 50 °C and autosampler
to 15 °C. Lipidomic datasets were acquired separately in
positive- and negative-ion mode in a data-dependent man-
ner using the top-15 method (Full MS/ddMS?, Top15),
modified from a previous study [21]. The optimized heated
electrospray ionization (HESI-II) source and data-dependent
acquisition (DDA) method parameters for lipidomics experi-
ments in both ionization modes are provided in the ESM
(Tables S2 and S3).

High-resolution and accurate mass lipidomic raw datasets
were analyzed with LipidSearch (v4.2.23) software (Thermo
Fisher Scientific) for identification and alignment [21, 22].
The precursor (MS) and product (MS/MS) mass tolerance
was set to S ppm. The fragment match score (m-score) was
set to 5 and the identification level (fragmentation grade)
quality filters A, B, and/or C were considered. The optimized
parameters used for lipid identification (independently in
positive- and negative-ion mode) and alignment processes
(to combine positive- and negative-ion mode search results)
are indicated in the ESM (Table S4). Further, all lipid spe-
cies identified/aligned using the LipidSearch software were
filtered (filtering criteria described in the ESM Table S4
and Data file S1) to remove/minimize false positives, and
inspected manually (accept, reject, or reassign) after com-
putational analysis.

Metabolomics (lower aqueous phase)

Dried polar metabolite extracts were resuspended in 100 pl
of 15% aqueous methanol and a 10 pl injection volume was
used. The separation was performed using a reversed-phase
ACQUITY UPLC HSS T3 (1.8 um, 100x2.1 mm, Waters
Corporation) column at a flow rate of 300 pl/min of a sol-
vent system consisted of eluent A (100% water) and elu-
ent B (100% acetonitrile) both with 0.1% formic acid. Polar
metabolites were separated with a 20 min multi-step linear
gradient of 1 to 99% eluent B (ESM Table S5). In the case of
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serum metabolite analysis, eluent B was replaced by 100%
methanol with 0.1% formic acid and a multi-step linear gra-
dient of 1 to 95% in 14 min (ESM Table S6). The autosa-
mpler and column compartments were maintained at 4 °C
and 40 °C, respectively. Metabolomic datasets were acquired
using a hybrid quadrupole orbital trapping mass spectrom-
eter (Q Exactive; Thermo Fisher Scientific, Bremen, Ger-
many) individually in positive- and negative-ion mode in a
data-dependent manner using the top-10 method (Full MS/
ddMS?, Top10), adopted from a previous study [23]. The
optimized HESI-IT ion source and DDA method parameters
for metabolomics experiments in both ionization modes are
provided in the ESM (Tables S7 and S8).

Positive- and negative-ion mode polar metabolomic raw
datasets were processed independently using the Progenesis
QI (v2.4) software (Waters Corporation) with default param-
eters. The untargeted workflow used for data processing and
analysis includes retention time alignment, peak picking,
deconvolution, compound annotation, normalization, and
relative-quantification [23]. The ion adducts of each feature
were deconvoluted and annotated primarily using an in-
house developed metabolite database with MetaScope search
plug-in of Progenesis QI and further verified with MassBank
of North America (MoNA), mzCloud, and EMBL-MCF
mass spectral libraries using precursor ion accurate mass
(MS) and fragmentation (MS/MS) patterns.

Proteomics (lower solid phase)

Total protein concentrations in supernatants of resuspended
pellets were measured with Bradford’s reagent and subjected
to in-solution tryptic digestion followed by label-free quanti-
tative bottom-up proteomics experiments as described else-
where [24, 25]. Briefly, an equal amount of protein (50 pg)
from WT control and Pex//a KO mouse liver and/or heart
tissues were solubilized in 50 mM ammonium bicarbonate
buffer (50 pl) containing 0.1% RapiGest and denatured
at 80 °C for 15 min. Then, the proteins were reduced and
alkylated with 100 mM DTT at 56 °C for 30 min, 200 mM
TAA at ambient temperature in the dark for 30 min, respec-
tively. After that, the proteins were digested with trypsin
(1:20 protease-to-protein ratio) at 37 °C for overnight. The
tryptic digestion reaction was stopped by incubating with
concentrated formic acid (2 pl) for 10 min at 37 °C. The
peptide digests were desalted by ZipTipc, g, dried out using
vacufuge concentrator, and reconstituted in 3% aqueous
ACN with 0.1% formic acid for further MS analysis.
Peptide digests (2.5 pg) were loaded on a Kinetex C18
reversed-phase (2.6 pm, 100x2.1 mm, 100 A°, Phenom-
enex) column and separated using a Dionex UltiMate 3000
UHPLC system (Thermo Fisher Scientific), with a flow rate
of 250 pl/min. The solvent system consisted of eluent A
(100% water) and eluent B (100% acetonitrile) both with
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0.1% formic acid. Peptides were separated with a 120 min
multi-step linear gradient of 3 to 50% eluent B (ESM
Table S9). The autosampler temperature was set to 4 °C and
column at 40 °C. Proteomic datasets were acquired using a
hybrid quadrupole orbital trapping mass spectrometer (Q
Exactive; Thermo Fisher Scientific, Bremen, Germany) in
positive-ion mode in a data-dependent manner using the top-
10 method (Full MS/ddMS?, Top10), with slight modifica-
tions from our previous study [25]. The optimized param-
eters of HESI-IT ion source and DDA method for proteomics
experiments are provided in the ESM (Tables S10 and S11).

Proteomic raw datasets were processed using untargeted
label-free processing and consensus quantitative workflow
(ESM Fig. S1) of Proteome Discoverer (v2.2.0.388) software
(Thermo Fisher Scientific). MS data files were searched
against UniProt Mus musculus protein database (dated 15th
September 2019, containing 17,422 target sequences and
9,908,993 residues) using Sequest HT search algorithm. The
search was performed with peptide precursor (MS) and frag-
ment (MS/MS) mass tolerance of 10 ppm, 0.02 Da respec-
tively and trypsin as a protease with two missed cleavages
and a strict target false discovery rate value of 0.01 (1%
FDR). Search criteria also comprised carbamidomethylation
(cysteine) as static modification, oxidation (methionine) and
acetylation (N-terminal) as dynamic modifications. Unique
and razor peptides were considered, precursor abundance
values were normalized with total peptide amount, and rep-
licate-based resampling imputed missing values. Abundance
ratios were calculated using the pairwise ratio method and
significant values were obtained from ANOVA hypothesis
test (based on the background population of proteins or
peptides). The common external protein contaminant list
(MaxQuant database) was used to mark contaminants in
the result file. As regulated, only proteins with (i) master
group, (ii) high confidence, (iii) at least two peptides, (iv) no
contaminants, (v) p-value of <0.05, and (vi) an abundance
ratio of <0.5 and/or >2 (equivalent to twofold regulation)
were considered.

Bioinformatics analyses
Statistical analysis

Integrated chromatographic peak area values of the indi-
vidual lipids and polar metabolites were exported as a matrix
(samples in columns and features in rows) after manual cura-
tion, and statistical analyses were performed using freely
accessible MetaboAnalyst (v4.0) [26]. Lipidomic datasets
were normalized to the total lipid signal, as no true internal
standards were added for all identified lipid species and/
or lipid classes and some of the lipid classes were noted
with very few lipid species identifications [27, 28]. Prior
to the statistical and pathway analyses, both lipidomic and
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polar metabolomic datasets were checked for data integrity,
outliers removed, normalized (total sum), transformed (gen-
eralized logarithmic transformation), scaled (Pareto and/or
Range), and imputed (features with ~ 50% missing values
were removed, and remaining missing values were estimated
with k-nearest neighbor algorithm). Univariate descriptive
statistical methods including fold-change analysis (threshold
less than or equal to 0.5 and/or greater than or equal to 2),
t-test (FDR-adjusted p-value less than or equal to 0.05), and
volcano plots (log2 fold changes versus -log10 FDR-adjusted
p-values) were employed to select statistically significant
lipids and/or polar metabolites. Lipid class levels (sum
of the normalized relative abundance values of all meas-
ured lipid species in a particular lipid class) represented as
mean + standard deviation and two-tailed Student’s z-test
(GraphPad Prism v6.01) were used for statistical compari-
son between the groups.

Pathway analysis

Differentially abundant lipids and polar metabolites (HMDB
v4.0, Human Metabolome Database IDs as input) were com-
bined and explored by metabolic pathway analysis for the
identification of altered pathways. The analyses were per-
formed using MetPA module of the MetaboAnalyst (v4.0)
[29]. “Mus musculus” pathway (KEGG, Kyoto Encyclopedia
of Genes and Genomes) library, “hypergeometric test” for
“over-representation analysis,” and “relative-betweenness
centrality” for “pathway topology analysis” were used to
identify altered specific metabolic pathways.

PANTHER

Protein analysis through evolutionary relationships (PAN-
THER, v14.1) was used to sort proteins with differential
abundance into diverse cellular components, molecular func-
tions, biological processes, signalling pathways, and protein
classes [30].

BiNGO

Gene ontology (GO) clustering analysis for the proteins
displaying differential abundance was carried out using
STRING (Search Tool for the Retrieval of Interacting Genes,
v11.0) and later visualized in Cytoscape (v3.7.2) BiNGO
(Biological Network Gene Ontology, v3.0.3) [31]. The sig-
nificantly enriched functional categories (such as biological
processes, molecular functions, and cellular components)
from GO Slim_Mus musculus were uncovered by employing
a hypergeometric test and multiple test correction to attain
p-value <0.05 using the Benjamini—-Hochberg FDR correc-
tion method inbuilt within the BINGO plug-in [32].

Results and discussion
Overview of the study design

Peroxisomes are multifunctional dynamic organelles with
heterogeneous protein/enzyme composition and abun-
dance in distinct cell types and organs. PEX11 proteins
(o, B, and y isoforms) are involved in peroxisomal prolif-
eration and division. However, their specific function in
these processes and the underlying molecular mechanisms
of pathological alterations due to their deficiency have
not been completely clarified. To investigate the diverse
molecular changes that occur due to Pexl/a deficiency,
we performed comprehensive semi-quantitative sequential
omics analyses of serum, liver, and heart tissue specimens
from WT control (Pex!Ia™*) and untreated homozygous
Pex1la KO (Pex]la™'") adult mice (genotypes of animals
were determined by polymerase chain reaction and results
are shown in ESM Fig. S2).

First, we optimized an integrated workflow that can pro-
file a broad spectrum of biomolecules (lipids, polar metab-
olites, and proteins) from a single piece of tissue and/or
biological fluids (Fig. 1). Briefly, an ice-cold MeOH/
MTBE/H,0 liquid-liquid extraction protocol was uti-
lized for the concurrent extraction of lipids (upper organic
layer), polar metabolites (lower aqueous layer), and pro-
teins (lower precipitated pellet) [33, 34]. Extraction was
carried out in glass vials in order to minimize the sample
loss and contaminants caused by the interaction between
organic solvents and plastic tubing [35]. After extraction,
distinct fractions were collected and processed indepen-
dently (detailed in “2” section), after which they were sub-
jected to individual well-established omics analyses using
UHPLC-HRMS/MS system. Specialized software tools
were then used for identification, relative-quantification,
and statistical analysis of lipids, polar metabolites, and
proteins (Fig. 1). Taken together, over 93% of the identi-
fied lipids, polar metabolites, and proteins showed high
technical reproducibility (area relative standard deviation
values were less than 15%) across all replicates and tested
biological specimens (ESM Fig. S3).

Global lipidomics analysis

Comprehensive lipidome coverage

Lipids can be identified in positive- and/or negative-ion
mode based on their chemical complexity. For instance,
the majority of the glycerophospholipids (GP) and sphin-

golipids (SP) are identified in both ionization modes with
various charge carriers, whereas neutral lipids such as
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Fig.1 Schematic representation of the experimental workflow for
sequential omics analyses of serum, liver, and heart tissue specimens
from wild type (WT; Pex/! a"“') control and Pex!/a knockout (KO:
Pexlla'/') mice. a Sample collection, homogenization, and simulta-
neous extraction of lipids (organic layer), polar metabolites (aqueous
layer), and proteins (sediment pellet) using MeOH/MTBE/H,0 lig-
uid-liquid extraction. b Analytical workflow of multiple-molecular

monoglyceride (MG), diglyceride (DG), triglyceride (TG),
coenzyme (Co), cholesterol, fatty acyl esters of cholesterol
(ChE), and carnitine (AcCa) are predominantly observed
in positive-ion mode [36, 37]. With the aim of representing
broader lipidome coverage, data were acquired indepen-
dently in positive- and negative-ion mode (three biologi-
cal replicates in technical triplicates). Base peak chro-
matograms obtained with serum, liver, and heart tissue
homogenate lipid extracts unveiled a clear peak separation
and characteristic lipid ion profiles in both positive- and
negative-ion mode (ESM Fig. S4).

LipidSearch (LS) software, which includes a database of
greater than 1.7 million lipids and corresponding predicted
fragment ions, was used for the identification and alignment
of lipid molecular species based on precursor ion accurate
mass and characteristic fragment ion patterns [22]. After
identification, positive- and negative-ion mode search results
were aligned within a time window (0.25 min) and merged
into a single report. On average, a total of 3000 lipid ion
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omics (lipidomics, metabolomics, and proteomics) data acquisition
independently in positive- and negative-ion mode using ultra-high-
performance liquid chromatography coupled with high-resolution
tandem mass spectrometry (UHPLC-HRMS/MS). ¢ Data processing,
compound identification, statistics, and pathway analysis using dedi-
cated bioinformatics tools

species belonging to several lipid classes were identified
from mice serum (2867), liver (3808), and heart (3518) tis-
sue homogenates (ESM Dataset S1, total count).

Even though lipids were identified based on accurate
mass (<5 ppm) and fragment ions (< 5 ppm), the aligned-
results report comprised a huge number of false positives
due to various reasons including fragment mismatch, peak
tailing, and poor integration of the chromatographic peak.
In order to remove/minimize false positives and to pro-
vide more confident lipid identifications, a series of pre-
defined filtering criteria were applied (ESM Table S4). For
instance, (i) Rejection (Rej parameter calculated by LS
based on signal to noise ratio, intensity ratio, and num-
ber of data points thresholds of each peak group) equal
to false (ESM Dataset S1, filtered count_1), (ii) deletion
of low confidence lipid assignments on the basis of frag-
mentation grade, removal of recurring lipid annotations by
selection of main ion adduct from multiple charge carriers
(ESM Data file S1 and Dataset S1, filtered count_2), and
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