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Gangliosides are high molecular weight, specialized metabolites found at greatest
concentration in the central nervous system. They are glycosphingolipids, possessing a nonpolar
ceramide tail and a polar carbohydrate or ‘glycan” head. Ganglioside amphiphilicity is essential
to their function as membrane lipids and to the formation of lipid rafts on cell surfaces. This
amphiphilicity also complicates their separation and analysis. Gangliosides possess several
forms of isomerism with isomers coeluting in reverse phase liquid chromatography. Despite
these difficulties and biological scarcity, ganglioside analysis is a growing field for their
suspected role in various cancers, neurodegenerative disorders, and Type 1 Diabetes (T1D).

Although gangliosides can be analyzed directly using tandem mass spectrometry for their
ceramides in the positive ion mode and for their glycans in the negative ion mode, chemical
derivatization enhances structural identification through improved fragmentation while also
enabling more sophisticated analytical techniques, such as methods based on isotopic and
isobaric labeling. With these methods in their infancy for comparative lipidomics, there is little
compatible analysis software. We have developed two stable-isotope ganglioside analysis
methods and three companion Python programs, one method based on amide formation and
isotopic labeling, the second based on oxime formation and isobaric labeling. From a normal
mouse brain, the cerebellum, pons/medulla, midbrain, and cortex were dissected, homogenized,
and their gangliosides extracted. Both derivatization methodologies were applied to extracts
representing 2 mg of tissue, cross-examining the brain regions with 79 gangliosides analyzed
across 10 glycan classes. This work greatly expands ganglioside analysis capacity in biological

samples and can be applied to study of lipidome remodeling in T1D mice models.
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CHAPTER I: INTRODUCTION

Metabolomics and Application-Driven Method Development
The 13 year progression and ultimate completion of the Human Genome Project in
2003[1] produced great interest and progress in systems biology as a means to research, detect,
and eventually treat human disease.[2-5] Out of systems biology come the ‘omics’ fields:
genomics, transcriptomics, proteomics, and metabolomics. These study DNA, RNA, proteins,
and metabolites, respectively, for the identification and tracking of biomarkers.[2] Figure 1
illustrates the ontological progression of the omics fields in relation to their underlying biology.

Figure 1. The Omics Fields of Systems Biology. Ref.[2]
Genomics Transcriptomics Proteomics Metabolomics
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The genome and its transcription contain information for what genotypic risk factors a
person has for disease, but even the transcriptome does not necessarily reflect the progression of
disease or the impact of exogenous factors. The proteome and to a greater extent the
metabolome are the downstream phenotype of these genetic elements expressed with the
influence of environmental, age-related, and disease factors.[6, 7] The phenotypic approach to
systems biology via metabolomics has long been seen as a plausible end goal for detecting and
monitoring cancers[3], cardiovascular diseases[4], and neurodegenerative disorders such as
Alzheimer’s disease[5]. As the metabolome reflects cellular change in response to stimuli,

metabolomics also presents the means for discovery of useful compounds and the elucidation of



cellular mechanisms.[8] Such rationale has been involved in numerous natural product
discoveries and refinement for human application.[9] With adequate domain knowledge of the
metabolome and sufficiently sophisticated analytical methods, detecting and tracking human
disease could become just a question of throughput and affordability.

This thesis work is in the domain of lipidomics. Lipids represent the most hydrophobic
subset of the metabolome. With thousands of species in a single cell, lipids perform a variety of
biological functions including membrane structure, energy storage, and signal transduction.[10]
As with the greater metabolome, variations in the lipidome can indicate dysfunctions of
intercellular signaling and of intracellular metabolism, leading to the creation and rapid
expansion of the lipidomics field over the last decade.[11] This text describes several method
development projects and software innovations for the analysis of gangliosides, a specific class
of lipid. Method development such as this may not have a traditional scientific hypothesis but
instead expands the capabilities of related inquiry. Figure 2 illustrates the place of method
development in the greater scheme of omics science.

Figure 2. Research Feedback Loops in Omics Science.
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Method development is not undertaken for its own sake but as part of a research loop.
Biological discoveries and desired applications drive method development through the need for
more sophisticated or specialized techniques. These two drive the development, manufacture,
and sale of reagents. Likewise, the available reagents determine what inquiry is possible and
what types of methods may be developed. Instrumentation innovation in hyphenated -MS
analyses, liquid chromatography (LC) or gas chromatography (GC) paired with mass
spectrometry (MS), have spurred the metabolomics and lipidomics movements, which in turn
drive the continued development of high performance analytical supplies and devices.[12]

When faced with large datasets, manual processing and annotation of LC-MS spectra can
become prohibitively time-consuming, leading to the development of software solutions for rapid
and reproducible processing.[11] The method development herein has the objective of satisfying
the greater requirements of planned future biological applications and creatively utilizes
preexisting isotopic labeling reagents. Out of necessity, we developed software to fill gaps in the
available bioinformatics ecosystem. Future work will apply these methods and software tools to

biological study and pursue further tailored reagents through inhouse synthesis.

Gangliosides
Structure and Nomenclature
Gangliosides are glycosphingolipids composed of a hydrophobic ceramide moiety
connected by ether bond to a carbohydrate or ‘glycan’ moiety. The inclusion of one or more N-
Acetylneuraminic acids (shorthand Neu5Ac or sialic acid) differentiates gangliosides from other
glycosphingolipids. Figure 3 illustrates the progressive structure and nomenclature of

gangliosides following popular convention initially outlined by Svennerholm in 1994.[13]



Figure 3. Ganglioside Structure and Nomenclature.
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Figure 3A is the sphingosine moiety, often referred to as the long-chain base (LCB) in
gangliosides and other ceramide species. The ‘d’ in d18:1 indicates the number of hydroxyls (di-
), the ‘18 indicates that there are 18 carbons, and the ‘1’ indicates that there is 1 double bond.
While few methods[14] can precisely determine lipid double bond locations in LC-MS analysis,
the double bond between carbons 4 and 5 of the sphingosine backbone is in part responsible for
the unique LC-MS/MS fragmentation behavior of ceramides[15]. With this same fragmentation
behavior reported for gangliosides in the literature[16-18], this can at least be assumed to be the
overwhelmingly dominant isomer. The locations of additional ceramide double bonds and the
changes in fragmentation caused by isomerism will be further discussed in Chapter II.

A ceramide (Figure 3B) is the amide joining of a fatty acid and a sphingosine. The fatty
acyl moiety follows the same naming conventions as the LCB, its name separated from the
LCB’s with a */* if both tail contents are known. If the total ceramide content was known but not
the allocation between the tails, the name would instead be d36:1. A common phenomena in
LC-MS analysis of ganglioside is the coelution of species with ceramide isomerism, such as two
GM1a d38:1 species, one with a d18:1/20:0 ceramide and the other with a d20:1/18:0
ceramide.[19] With the addition of a glucose residue to the ceramide, Figure 3C is the
cerebroside progenitor of most glycosphingolipids, GM4 (Figure 3F) being a notable exception.

GM1a (Figure 3D) is one of the most abundant human gangliosides[20], possessing four
neutral sugars and one sialic acid, the sugar negatively charged at physiological pH. The glycan
naming convention is a mix of historical precedent and simplification of otherwise burdensome
systematic names.[13] The ‘G’ designates ganglioside. In the case of GM1a, it is ‘M’ for
monosialoganglioside. There are also di-, tri- , and tetrasialogangliosides with GD1a, GD1b,

GT1b, and GQ1b highly expressed in the human central nervous system.[20] The ‘1’



paradoxically accounts for the number of neutral sugars. The original source of the 1-4
ganglioside naming series is their elution order in RPLC. Gangliosides with larger glycans have
more hydrophilic interactions and so elute faster. This was later adapted as 5 minus the number
of neutral sugars. Hence, a ganglioside with four neutral sugars belongs to the ‘1’ series, and a
ganglioside with one neutral sugar belongs to the ‘4’ series. The neutral sugars counted for such
calculus are glucose, galactose, and galactosamine, but not fucose, a common glycan
modification, making fucosylated GM1a’s designation Fuc-GM1a instead of GM0a.[21] The
final, lowercase letter indicates the sialic acid positional isomer if relevant. In ganglioside
glycans, sialic acids are either linked to galactose resides or other sialic acids.[13] In the ‘1’
ganglioside series with two galactose, there is potential for structural isomerism through sialic
acid placement, illustrated by GD1a and GD1b in Figure 3F. There is also linkage isomerism of
the glycosidic bonds, such as Neu5Ac-2,6-Neu5Ac vs NeubAc-2,3-Neu5Ac.[22] This
distinction is not covered in the Figure 3 nomenclature. Diagnosing such linkage isomerism is a
difficult and specialized analytical challenge.[22-26] Along with GM1a, the ten ganglioside
glycans in Figure 3F represent the eleven ganglioside classes studied in this work.
Biological Abundance, Diversity, and Significance

Gangliosides are present in both plants[27] and animals[28, 29] but with greatest
abundance in vertebrates[30] and mammals[10], sometimes apparently absent[31] in plant tissue.
Within vertebrates and humans, the concentration of gangliosides in the central nervous system
may be 10 to 30 times higher than other tissues.[20] The diversity and abundance of
gangliosides in the central nervous system is increasingly associated with higher order
cognition.[32] While the enzymatic hardware to produce more than 200 variations of the glycan

head exists, the overwhelming majority of mammalian ganglioside mass is relegated to



comparatively few glycan subspecies.[33] Figure 4 illustrates the enzymatic pathways of human
brain gangliosides along with several pathologies associated with specific enzymatic
disfunctions.[20, 34] Boxed in grey, GM1a, GD1a, GD1b, and GT1b constitute the majority of
human brain ganglioside mass with GQ1b, GM2, GM3, GD2, GD3, and GM4 making up almost
the entirety of the remaining fraction for both humans and other animals. These 10 classes also
represent what is commercially available for method development. With total synthesis of
gangliosides being prohibitively difficult or inefficient, the standards that exist are either purified
extracts from animals or the result of partial synthesis beginning from similar lipids.

Figure 4. Gangliosides in the Human Brain. Ref.[20]
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Given the complexity of these biomolecules and the biochemical capital that must be
invested to evolve and produce them, it is clear a priori that they are of great cellular
significance. Gangliosides are now known to be involved in cell-to-cell signaling[35], defining
membrane geometry[36], regulating cancer apoptosis[37], binding of endocrine factors[38],
recruitment of transmembrane proteins into lipid rafts[39], recruitment of ions and ligands[40],

and RNA virus binding[41]. That gangliosides are predominately found in the cell membrane is



not surprising given their amphiphilic nature, similar to the phospholipids for which the
phospholipid bilayer gets its name. In the cell membrane, gangliosides are an essential
component of lipid rafts, loss of the rafts and their function observed when gangliosides are
experimentally eliminated.[42] Figure 5 illustrates the basic structure of lipid rafts. The
numerous hydrogen bond donating and accepting groups of the ganglioside glycan allow for a
diversity of ligand interactions outside the membrane while the ceramide moiety leads to
favorable hydrophobic interactions with cholesterols and other internal membrane
components.[43] The result of these effects is mobile microdomains that recruit transmembrane
proteins, cations, and various other factors while playing a major role in signaling.[20]

Figure 5. Lipid Rafts in Cellular Membranes. Ref.[44]
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With these diverse and essential functions, it is also not surprising that ganglioside
dysfunction has been associated with a variety of diseases. As suggested in Figure 4, a
significant body of research concerns the role of gangliosides in neurodegenerative diseases.
Ganglioside dysfunction has been associated with Huntington’s disease[45], Alzheimer’s

disease[46], non-pathological age-related neurodegeneration[47], neuron inflammation and



regeneration[35], ischemia[48], and a host of other afflictions of the brain[20, 28, 49]. Often,
these diseases progress alongside a measurable decrease[45, 48] in more complex ganglioside
glycan structures, such as GM1a, toward less complex glycans, such as GM2 or GM3. This is
believed to be the result of glycan-cleaving hydrolases[49] in some cases and the breakdown of
Golgi apparatus synthesis[50] of gangliosides in others. This makes gangliosides excellent
analytical biomarkers for tracking the progression of neurodegenerative disorders, not just by
absolute quantity but through the spectrum of expressed species.

With gangliosides found throughout the human body, they are also known to be involved
in diseases beyond the brain. The ganglioside composition of cells changes during cancer
pathenogenesis, to signal apoptosis[37], in metastasis[51], and in detection by and evasion of the
immune system.[52] GM1a deficiency has further been identified as mechanistically involved in
the progression of T1D through autoimmune destruction of pancreatic B-cells and calcium ion
channel misregulation.[40] GM1a is a suspected factor in mitigating diabetes-caused ischemia
throughout the body in addition to the brain.[48] With many examples of ganglioside depletion
associated with disease progression, there have been attempts to apply exogenous gangliosides
therapeutically and not without success.[40, 48] Gangliosides have been shown to be involved in
epigenetic regulation of neural stem cells, presenting the possibility of therapeutic treatment for
congenital disorders.[53] G-coupled proteins, common targets for medicinal active ingredients,
are modulated by membrane gangliosides, further building the case for therapeutic
application.[54] To rigorously pursue these promising avenues and deeper biological study,
more sophisticated analytical techniques are necessary. Current methods are low throughput and
lack the more sophisticated capabilities used in analysis of other metabolites and large study

cohorts. To increase throughput, most urgently, automated LC-MS processing is necessary.



CHAPTER II: NEEDS AND SOFTWARE DEVELOPED FOR HIGH THROUGHPUT

PROCESSING OF GANGLIOSIDE LC-MS/MS DATA SETS

MS-DIAL

MS-DIAL[55] is a relatively new, powerful, and popular[11] metabolomics platform,
enabling rapid processing and automated metabolite identification across large cohort sizes. MS-
DIAL has a user-friendly interface that poses no intimidation to researchers unfamiliar with R or
Python coding. It is free to use, open source, and has a dedicated team behind its ongoing
development, now on its eighth year of updates. Like most omics analysis platforms, MS-DIAL
performs the essential tasks of aligning LC-MS and GC-MS chromatograms, annotating peaks,
discerning adduct species, and assigning isotopic relationships. A unique and powerful feature
lies in the ability for users to provide their own annotation databases with tandem mass
spectrometry (fragmentation) data, utilizing both fragment mass and relative intensity in
identification. This feature made MS-DIAL an early adoption in our analytical method
development, both because public ganglioside libraries are incomplete and because fragment
mass and fragment relative intensity are essential for confident ganglioside identification.[16-18]

Figure 6. MS-DIAL Ganglioside MS2 Spectra Matching with a Custom Reference Library.
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Need of Specialized Tools for Analyzing Ganglioside LC-MS Data in MS-DIAL

While ganglioside libraries exist on such platforms as LIPID MAPS and from other
public sources, these libraries are incomplete. They lack critical LC-MS/MS data necessary to
make confident annotations, often containing little more than a name, structure, and the
molecular formula. Furthermore, numerous species reported in the literature, even at relatively
high concentrations in humans, do not have entries in any public database. To enable high
throughput automated annotation of gangliosides and derivatized gangliosides by MS-DIAL, it
was necessary to make our own libraries. Beginning in Excel, early library prototypes illustrated
two problems with this approach: (1) Excel generated libraries lean heavily on human input and
so require significant labor to update them with new data and trends, and (2) to generate a library
with wide ganglioside coverage beyond what has already been identified in the literature, in
silico chemistry would be required. A portion of this thesis work was dedicated to the creation
of a Python program accomplishing both the goals of ganglioside prediction and rapid library
generation for immediate annotation use by MS-DIAL.

After ganglioside identification in MS-DIAL was solved, we found that additional post
processing features were needed for MS-DIAL-based quantitation in stable-isotope labeling
methodologies. MS-DIAL cannot perform isobaric analysis, and it lacks more sophisticated
isotopic labeling features found on other platforms. While there are many other software options
for isobaric analysis, we found it beneficial to write a simple script for isobaric post processing
of MS-DIAL isobaric data. This was simpler than building a bridge between programs. For
isotopic labeling, we found a gap in the greater bioinformatics software ecosystem with far fewer
software options. We developed a program and workflow for isotopic labeling quantification

through MS-DIAL for any metabolomics study.
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Ganglioside Library Generator

Introduction

Ganglioside Library Generator (GLG) was purpose-built to generate MS-DIAL[55]
compatible libraries of derivatized gangliosides for confident MS-DIAL-assisted identification
within biological matrixes. At 5812 lines of code, GLG is capable of producing library entries
for 1,975,680 unique gangliosides for both derivatization schemes discussed in Chapters IV and
V. While the majority of those 2 million gangliosides are theoretical, and some are improbable,
the ability to search for uncharacterized gangliosides is an essential advantage of this design.

For LC-MS/MS analysis of gangliosides, an annotation library must contain accurate
retention time (RT), precursor mass (MS1), characteristic fragment ion masses (MS2), and the
relative intensities of the fragment ions, as different ganglioside species may share fragments at
different relative intensities. While programming molecular formulae and the resulting MS1
masses is a straightforward task, predicting RT and MS2 is more involved. Previous work[17]
has shown that for a specific glycan class, RPLC RT is determined by total ceramide content.
Figure 7 illustrates the changes in RT within the GM3 class based on (a) the number of ceramide
carbons and (b) the number of ceramide double bonds. The ceramide interacts with the
stationary phase of the C18 column, and so it follows that longer ceramide chains will lead to
longer RT and that ‘kinks’ in the ceramide by way of double bonds will lead to shorter RT. The
double bonds interfere with favorable hydrophobic ceramide-C18 interactions, much like

unsaturated fatty acids of the plasma membrane.
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Figure 7. RT Equations for GM3 Gangliosides Based on Ceramide Content. Ref.[17]
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While there are programs for fragmentation prediction of small molecules[56-58] and of

larger polymers[59, 60], gangliosides are in a middle ground where neither school of

fragmentation prediction programs are applicable. Fortunately, there is a growing collection of

work[16-19, 51, 61] reporting tandem mass spectrometry data for gangliosides as well as some

useful tools[62] for glycan fragmentation if not the entire ganglioside. Taking lessons and

observations from these resources and conducting extensive manual data analysis with

commercial ganglioside standards has produced a body of data that forms the backbone of

GLG’s predictive fragmentation formulae. This work is concomitant with Chapters IV and V.

Methods and Materials

The Ganglioside Object

GLG is an example of object-oriented programming with the ‘Ganglioside’ as the core

object. Figure 8 illustrates the input and initialization of a GQ1b d18:1/18:0 ganglioside object

in GLG. Comparatively few inputs spawn a comprehensive set of variables defining this

molecular species within the GLG architecture. These inputs can be provided manually through
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an a la carte external program or through a user-friendly GUI for rapid library generation

iterating over all user selections, typically in less than 1 minute. Notable here is the specification

of Neu5Ac sialic acids. We have found detectable amounts of Neu5Gc sialic acids (one extra

oxygen) in standards of porcine origin and so added this feature. Selecting Neu5Gc instead of

Neu5Ac changes otherwise static variables to account for this subtle but important difference.

There is also the option of specifying a molecule with one or more natural carbon-13, which will

update the precursor mass accordingly. For larger gangliosides such as GQ1b d36:1, the [M+1]

isotope will be more abundant than the [M+0] isotope, making this distinction useful in such

cases where the [M+1] isotope is selected for fragmentation and the [M+0] is not. This

collection of variables is used in the subsequent derivatization and fragmentation formulae to

account for the diverse reactivities and outcomes of different ganglioside classes and species.

Figure 8. The GLG Ganglioside Object.

GQ1b d18:1/18:0
with NeuSAc sialic acids

Inputs for Ganglioside generation:
* glycan =GQl1b

+ LCB=4d18:1

+ FA=18:0

* num_FA_hydroxyls =0

* num_fucose =0

* num_nat_c13 =0

* sialic_acid_type =NeuSAc

Inputs submitted to GLG either by
external terminal for a la carte
generation or by user-friendly
interface for library generation

sialic_acid_type = NeuSAc
num_fucose =0
num_nat_c13 =0
num_FA _ hydroxyls =0
glycan = GQ1b
glycan_series = 1
glycan_SA major_character = Q
glycan_SA minor_character =b
num_sialic_acids =4
num_terminal SAs =2
num_posl SAs =2
num_pos2_SAs =2
long_chain_base = d18:1

fatty acid =18:0
num_LCB_carbons =18
num_LCB_double bonds =1
num_LCB_hydrogens = 36
num_FA carbons = 18

num_FA double_bonds =0

name = GQ1b d36:1 0C13 (primary isomer d18:1/18:0)NeuSAc

GLG Gangliosid

e Object

num_ceramide_carbons =36
num_ceramide_hydrogens =69
num_ceramide_nitrogens =1
num_ceramide_oxygens =3
num_glucose =1

num_galactose =2
num_galactosamine =1

num_alcohols =25

num_sugar residues =8
num_glycan_carbons =70
num_glycan_hydrogens =111
num_glycan_nitrogens =5
num_glycan_oxygens =52
num_carbons =106

num_hydrogens =182

num_nitrogens =6

num_oxygens =55

molecular_formula = C106H182N6055
precursor_plus_one mz = 2420.17044
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Ganglioside Object Derivatization and Fragmentation

With the ganglioside as a defined object, it can be modified with previously coded
functions using single input commands. While defining and testing those functions is
challenging, the benefit of object-oriented programming is their easy use later. An inexperienced
coder could follow the steps in Figure 9 to create, derivatize, and fragment GQ1b d18:1/18:0
within the GLG architecture, and this is the path followed by GLG for each entry in
aminoxy TMT library generation. The text-based MS spectrum at the bottom of the readout
contains critical fragment ions specific to this ganglioside species and to this method of
derivatization. The libraries used by MS-DIAL are collections of entries like this one.

Figure 9. Derivatization of the Ganglioside Object.

- GLG or terminal a la carte code in order of use:
Resulting library entry or

terminal readout: gang = Ganglioside()

NAME: GQ1b d18:1/18:0-C7AId-TMTO * We need to initialize a ganglioside variable. Here a ganglioside
Formula: C132H226N14055 variable named ‘gang’ is created in RAM
RETENTIONTIME:5.62720

PRECURSORMZ: 963.51811 gang.create(GQ1b, d18:1, 18:0, 0, 0, 0, NeuSAc)

PRECURSORTYPE: [M+3H]3+ * gang is now the GQ1b d18:1/18:0 object in the previous
IONMODE: Positive example

Formula: C132H226N14055

SPECTRUMTYPE: Centroid gang.oxidize_c7()

IONMODE: Positive + gang has now undergone sialic acid carbon #7 oxidation to form
Num Peaks: 10 a C7 aldehyde

126.12783142 10000 TMTO Reporter

264.26877142 3500  O" gang.aminoxyTMT(0)

282.27933142 800 (o} * gang has now undergone tagging with aminoxyTMTO0, the non
423.26040142 4300 B1-CO2 -C2H302 isobaric method development reagent provided by Thermo
438.27133142 300 Bside - C3H403 1 Neu5Ac Fisher Scientific imitating the sixplex reagents

464.28699142 250 Bside - CO2 - H20 1 Neu5Ac

482.29755142 1000 Bside - CO2 1 Neu5Ac gang.fragment()

508.27679142 900 Bside - H20 1 Neu5Ac + Fragmentation utilizes a large system of conditional statements
526.2873514 4490 Bside 1 Neu5Ac referencing the previously generated variables to determine
817.38276142 751 Bside 2 Neu5Ac what fragment species will be present, what their masses will

be, and their relative intensities, coded based on empirical data

Other supported derivatizations with fragmentation include C8 aldehyde oxidation into
aminoxyTMT and amide formation at the sialic acid carboxylate with the isotopic labeling tag
cholamine[63]. Permethylation[64] of ganglioside alcohols is also supported but without

fragmentation as this derivatization approach was not pursued beyond theory.
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Ganglioside Retention Time Prediction

Figure 10 illustrates a complete set of retention time equations for GM3 gangliosides
derivatized with cholamine in the Chapter IV protocol, based off a bovine GM3 standard
(Matreya Catalog #1503). While most of the Matreya standards have two or three major
ganglioside species, the GM3 standard is a mixture of many species, making easy the task of
generating RT equations. Where there are two data points on the same vertical line, this
represents what we suspect to be isomerism of ceramide double bond placement, often with one
of the species being vastly more abundant than the other. When GLG is used to generate a GM3
species, it will use the most appropriate equation here to predict RT.

Figure 10. GLG RT Equations for GM3 Gangliosides After Cholamine Derivatization.
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Figure 11. GLG RT Equations for GD2 Gangliosides After Cholamine Derivatization.
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Figure 11 illustrates a more difficult RT prediction case. The rabbit GD2 standard
(Matreya Catalog #1527) has far fewer abundant species compared to the previous GM3
standard, and so the RT equations we have made from this ganglioside class are less complete.
When calculating RT for the example GD2 d38:2 ganglioside, GLG will first check to see if it
has a GD2 dX:2 RT equation. As it does not, GLG next checks if there is a model GD2 d__:X
RT equation, which it has for GD2 d36:X. As GD2 d36:2 is very similar to GD2 d38:2, GLG
uses an adjustment from the GD2 d36:X equation to supplement the more complete GD2 dX:1
equation and predict the RT for GD2 d38:2. If there were no GD2 d__:X equation, GLG would
next check for the existence of the following equation variety for GD2:

RT = A(ceramide carbons) + B(ceramide double bonds) + C

If such an equation were not available, as might be the case for more exotic or theoretical

gangliosides species, GLG would next use an equation of the following variety:

RT = A(glycan sugars) + B(ceramide carbons) + C
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There is one such equation for gangliosides with 0 double bonds, 1 double bond, and 2
double bonds. If an even more exotic ganglioside with more than 2 double bonds were queried,
then there is the final RT prediction equation:

RT = A(glycan sugars) + B(ceramide carbons) + C(ceramide double bonds) + D

In this way, GLG uses the best RT equation available for the specific ganglioside object
generated, moving gradually downward to equations with fewer assumptions and greater error.
Even this RT equation of last resort is reasonably accurate with average and maximum RT errors
of 0.17 min and 0.43 min, respectively, over 156 LC-MS peaks identified in the Matreya
standards’ chromatograms after cholamine derivatization. The distinction of LC-MS peaks is
used here and not species, because each peak can and often does contain multiple species.

The GLG GUI and Operation

Figure 12. The GLG GUI for Rapid Library Generation.
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Figure 12 illustrates the current developmental GUI for GLG. This GUI is designed to
interface between a non-coding user and the GLG architecture for rapid generation of libraries
and immediate use with MS-DIAL. When the user clicks ‘GO’, every combination of the
selected ganglioside features is generated as a ganglioside object and then converted into a
library entry. In Figure 12, the selections necessary to make a library with a single entry, GD2
d20:1/18:1 derivatized with cholamine, have been made. From the top down, the user selects a
directory where the new library generated will go. They enter a name for the library. By default,
GLG will make a new library, but the user can also select from the dropdown menu to amend a
previously generated library which can be useful for better tailored ganglioside lists. Next, the
user indicates whether or not their LC-MS/MS method utilizes isotope exclusion. If selected, the
library will include the necessary [M+1] peaks, that is, gangliosides with a natural carbon-13.
Next, the user selects the derivatization strategy: aminoxy TMTO, aminoxy TMTsixplex, or
cholamine. If selecting aminoxyTMTO or aminoxyTMTsixplex, the user must also select which
aldehyde intermediate to generate or to generate both.

The next block contains options for RT correction. The RT correction algorithms
employed are rudimentary and linear, but they apply to all ganglioside species, not just the nine
classes requested. This functionality is useful when switching between instruments with slightly
different RT. The RT correction algorithms can be applied to the use of different LC gradients,
which we have tested with some success, but large changes in LC gradient will yield poor RT
prediction. Next, the user selects ganglioside glycans with 35 non-fucosylated glycans to choose
from along with the 35 fucosylated variants. Either NeuSAc or Neu5Gc sialic acids are selected.
Gangliosides generated by GLG are either all Neu5Gc or all NeuS5Ac. For example, if both

options are selected, GLG will generate GQ1b’s with four Neu5Gc and GQ1b’s with four
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Neu5Ac but not GQ1bs with two of each or other combinations. The architecture would support
addition of such function if needed at a later date. Finally, the user picks ceramide elements:
LCB carbons, FA carbons, LCB double bonds, FA double bonds, and FA hydroxyls.
Conclusions

While perhaps too experimental to make public, GLG is an invaluable tool for
ganglioside analysis. Many of the gangliosides seen in the commercial standards analyzed do
not have entries in any public databases, let alone complete MS1, RT, and MS2 data. GLG is a
powerful ganglioside investigative tool, of great use even for the comparatively simple task of
generating accurate molecular formulae and m/z values for underivatized species. In its original
design purpose of identifying derivatized gangliosides in stable-isotope experiments, GLG has
saved incalculable manual analysis time and will pay dividends for years to come.

Reporter lon Analyzer

Introduction

Reporter lon Analyzer (RIA) is purpose-built for post processing of isobaric analysis data
from MS-DIAL[55]. Like isotopic analysis, isobaric analysis relies on the derivatization of
analytes with chemical tags enriched with stable isotopes, but unlike isotopic analysis, isobaric
analysis is based off the MS2 fragmentation spectrum and reporter ions therein.[16, 65] Figure
13 illustrates a set of isobaric chemical tags, the aminoxy TMTsixplex bundle sold by Thermo
Fisher Scientific. The sixplex is isobaric because each of the six tags has the same mass while
differing in the placement of 3C and N, marked with red stars in Figure 13. HCD
fragmentation in tandem mass spectrometry produces reporter ions of appreciably different
masses due to the heavy atom positions in the precursor ions. As illustrated in Figure 14 from

the popular online isobaric analysis tool Metandem[66], individual samples are tagged, each with
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one member of an isobaric set. The samples are then mixed to form a multiplex and analyzed by
LC-MS/MS together in one injection. The reporter ion relative intensities in the MS2 spectrum
indicate the contribution by each sample to the multiplex.

Figure 13. The Isobaric AminoxyTMTsixplex by Thermo Fisher Scientific
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While numerous quality tools for isobaric analysis exist, like Metandem[66],
MASICI[67], and other script-based solutions[68-70], none have the capacity for MS-DIAL
features deemed essential to the target ganglioside analysis workflow. We explored the
possibility of building a software bridge between MS-DIAL and one of these other programs or a
script to merge the results, but it became apparent that writing our own script for post processing
MS-DIAL and quantifying reporter ions would be easier and of greater long-term value.

Figure 15. Ceramide Fragmentation in Tandem Mass Spectrometry. Ref.[15]
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As illustrated in Figure 15, ceramides[15] and the ceramide moiety of gangliosides[16]
have a unique fragmentation pattern resulting from the progressive loss of two waters and the
fatty acyl. For most gangliosides, the LCB is in the MS2 fragmentation spectrum at high relative
intensity as two ions, [M+H-H2O]* and [M+H-2H,0]".[16] Identifying these ions allows for
accurate diagnosis of the total ceramide, both the LCB content explicitly and the FA content
implicitly. MS-DIAL and the ganglioside library can determine the primary ceramide isomer
along these lines, but it will fail to detect any coeluting lesser ceramide isomers. Treating
ceramide fragments computationally as reporter ions, RIA determines the relative contribution of

coeluting ceramide isomers to the overall LC-MS peak.
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Methods
Peak Collection (.msp) Import

MS-DIAL has multiple export modes. RIA utilizes LC-MS/MS peak .msp files. In this
mode, MS-DIAL outputs all identified peaks to individual .msp text files in a designated folder,
and RIA scans through the entire folder, looking at each peak file one at a time. Figure 16
illustrates an example peak file outputted by MS-DIAL with the irrelevant fragment ions deleted
for clarity. The fragment ions are listed with both their mass-to-charge ratios (left) and their
relative intensities (right). This LC-MS peak is GD3 d38:1 from a multiplexed sample of four
mouse brain regions, each tagged with a different member of the aminoxyTMT sixplex, details
and results of this experiment further discussed in Chapter V. In this particular LC-MS peak,
there are two major ganglioside ceramide isomers: GD3 d18:1/20:0 and GD3 d20:1/18:0. RIA
reads in each line of this file, creating a Peak object in Python for subsequent processing.

Figure 16. MS-DIAL .msp Peak Output for RIA.

NAME: GD3 d38:1-(C7)-TMTsixplex (primary isomer: d20:1/18:0)

SCANNUMBER: 2310 o

PEAKID: 23985 o P B B e P e B B
RETENTIONTIME: 6.361619 ~ HN

PRECURSORMZ: 870.5408 m &/ ‘ o X

PRECURSORTYPE: [M+2H]2+ OH  GD3 d18:1/20:0 derivatized
IONMODE: Positive with aminoxyTMT

INTENSITY: 4424509

INCHIKEY: o)

SMILES: NN NN NN
FORMULA: C85H151N7029 )

SPECTRUMTYPE: Centroid v O—@ OM/\/\/\A/\/W
DATE: 3/24/2023 12:00:00 AM OH  GD3 d20:1/18:0 derivatized
COMMENT: Regions_pooled_ N1-PO1 with aminoxyTMT

Num Peaks: 89

126.12775 265679
127.12439 124521 4 aminoxyTMT reporterions
128.13475 227131 | froma 4-plexed mixture

129.13139 202290

264.26859 481367 | LCB fragmentions from
282.27887 68559 d18:1/20:0

292.29996 634681 | LCB fragmentions from
310.31042 78564 d20:1/18:0
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The Peak Object

RIA is another example of object-oriented programming. The essential object here is the

‘Peak’, though in truth, it is a ganglioside peak and not a general LC-MS peak due to the current

narrow focus of the program. With the value of ceramide and isobaric analysis extending

beyond gangliosides, expanding RIA capacity to other species is a goal for the near future.

Figure 17 illustrates the initial status of the RIA Peak object for the previous MS-DIAL output

example with the two GD3 ceramide isomers. The most important variables determined on

initialization are the total ceramide content and the MS2 spectrum, coded as paired mass-to-

charge ratios and relative intensities as provided by MS-DIAL. The total ceramide content is

used to generate a list of possible ceramide isomers and fragment ions.

Figure 17. Creation and Key Variables of the RIA Peak Object.

NAME: GD3 |d38:1{(C7)-TMTsixplex (primary isomer: d20:1/18:0)

SCANNUMBER: 2310

PEAKID: 18085
RETENTIONTIME: 6.361619
PRECURSORMZ: 870.5408
PRECURSORTYPE : [M+2H]2+
IONMODE: Positive
INTENSITY: 4424509
INCHIKEY:

SMILES:

FORMULA: C85H151N7029
SPECTRUMTYPE: Centroid
DATE: 3/24/2023 12:00:00 AM
COMMENT: Regions_pooled N1-PO1
Num Peaks: 89

126.12775 265679
127.12439 124521
128.13475 227131
129.13139 202290
Fragment ion m/z values ~
264.26859 481367 >

282.27887 68559 and relative intensities

292.29996 634681
310.31042 78564
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Peak Object in RIA

name = GD3 d38:1-(C7)-TMTsixplex (primary
isomer:d20:1/18:0)

ceramide_carbons =38

ceramide_dbs=1

scanNumber = 2310

peakiD = 18085

retentionTime = 6.361619

precursorMZ= 870.5408
precursorType = [M+2H]2+
ionMode = Positive

Intensity = 4424509

inchiKey =

smiles="*

formula= C85H151N7029

spectrumType = Centroid

date = 3/24/2023 12:00:00 AM

comment = Regions_pooled_N1-P01
numMS2peaks = 89

MS2peaks = [[126.12775, 265679], [127.12439,
124521], [128.13475, 227131], ...]
Quantitation arrays for reporterions and
ceramide isomersare initialized based on user
input, initially with all 0.0 relative values




RIA GUI and Operation

Figure 18 shows the current developmental state of the RIA GUI. The address of the
folder containing the MS-DIAL output files is selected. Ceramide isomer analysis is optionally
selected. If ceramide analysis is selected, only ceramide species with both [M+H-H20]* and
[M+H-2H20]* characteristic fragments detected will be reported. The aminoxyTMTsixplex
reporter ion set is a hardcoded menu option, but RIA can also be run without reporter ion
analysis (just ceramide analysis) or with a custom .txt reporter ion list. The user can optionally
delete metabolites that are missing one or more defined reporter ions. A MS2 tolerance for
matching queried ions vs the measured MS2 spectrum is specified and used in the matching
algorithm. When the user clicks ‘GO’, RIA iteratively checks every MS2 m/z value against the
reporter ion list and possible ceramide ion sets. Any matches increment the original signal
values of 0.0 with the relative intensity from MS-DIAL, finally weighted out of 100 and reported
in an Excel file after processing.

Figure 18. RIA Development GUI.

? Reporter lon Analyzer v1.1 for tracking MS2 reporter ions in MS-DIAL .msp output — X

There should be no 1
Enter the folder directory of your .msp files

isomer ions?

aminoxy TMTsixplex

Delete metabolites without all reporter ions? Delete

If using a custom scheme, enter directory\n of the _txt file |
f 0.005
Ceramide_and_isobaric_output
Destination of output

25



Figure 19. RIA Output and Interpretation.
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24.7% from 129-tagged sample

Figure 19 illustrates a small RIA output for the Figure 17 Peak object, ordinarily part of a
larger dataset. RIA builds a single Excel file from the collection of peaks analyzed, each peak
becoming one row in the output file, carrying forward metabolite information and displaying
fragment ion relative quantifications. The reporter ion weighted relative intensities indicate the
contribution of the multiplexed samples, which are four different mouse brain regions in this
example. The ceramide isomers and original metabolite identification allow us to diagnose the
total ceramide isomerism of the peak above a very low abundance threshold. In reporting, RIA
refers to the ceramide LCB fragment ions as O’ and O”’, as is seen elsewhere in the
literature.[16] Each apostrophe indicates the loss of a water molecule, while O is the ceramide

fragment after losing the glycan and fatty acid.
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Conclusions

RIA streamlines what would otherwise be a tedious post MS-DIAL processing task and
enables high throughput isobaric quantitation of multiplexed samples following MS-DIAL’s
automated annotation. Ceramide isomerism reporting is a niche application but one of great use
to ganglioside analysis with ceramide variation connected to metabolic function and cellular
aging. In its current version, RIA is applicable to any reporter ion of interest through the input
for custom ion lists but is only applicable to LC-MS peaks following particular naming
conventions inclusive of gangliosides but not necessarily other ceramide-containing lipids.

Peak Pair Pruner

We developed Peak Pair Pruner (PPP) to supplement MS-DIAL’s isotopic labeling
features. In isotopic labeling, one sample is derivatized with a ‘light’ tag while another is
derivatized with an isotopically enriched ‘heavy’ tag. Mixing the samples allows for relative
quantification between the two peaks. This is of value for ganglioside analysis due to the lack of
useful standards for traditional absolute quantification strategies. MS-DIAL does the essential
work of pairing isotopic peaks, but it pairs too many, leading to a need for ‘pruning’ down to the
experimentally relevant peaks pairs. MS-DIAL also does not have an appropriate output format
for isotopic labeling data, such as is seen on more specialized platforms with tabular reporting of
light-to-heavy ratios. Critically, MS-DIAL does not deal with the most significant quantitative
hurdle in isotopic labeling, which is isotopic overlap. Gangliosides and other large metabolites
have appreciable isotopic peaks in MS1, even as high as [M+6]. If an isotopic tag is used that
imitates a high abundance isotope, such as [M+3], there will be overlap of the isotopic
envelopes, which must be corrected. The MS-DIAL+PPP workflow addresses MS-DIAL’s

isotopic labeling gaps and provides quantitative corrections, further discussed in Chapter I11.
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CHAPTER I1I: PEAK PAIR PRUNER

Introduction

An essential approach for comparative metabolomics studies is stable isotopic labeling, in
which analytes in one sample are derivatized with a ‘light’ tag and those in another sample with
a ‘heavy’ or isotopically enriched tag. These samples undergo pooling and mixing strategies to
allow for relative quantification in large cohorts. MS-DIAL[55] is one of the most popular
general metabolomics analysis platforms[11] and is seeing increasing usage, referenced in 386
articles in 2020, 713 in 2021, and 920 in 2022, respectively on Google Scholar (searched on Jan
6, 2023). It is free and versatile, even annotating metabolites with user-generated tandem mass
spectrometry libraries, but its features in handling isotopic labeling data fall short of specialized
software. 1soMS[71] is one such specialized software, designed for the dansylation chemistry-
based derivatization[72]. 1soMS performs pairing of isotopic peaks and identification based on
accurate mass and retention time, providing a tabular report of metabolites with their L/H ratios
in the samples. While 1soMS is robust and well suited for its target chemistry, it is a commercial
product and there is a desire for more generalized software analyzing isotopic labeling data. MS-
IDF[73] presents a non-commercial alternative for isotopic labeling analysis but compares just
two chromatograms at a time and so is not suited for large cohort studies with its current release.
Leveraging the powerful raw data processing capabilities of MS-DIAL in metabolomics, we
built Peak Pair Pruner (PPP) for MS-DIAL post processing, providing the missing, specialized

isotopic labeling features with innovation not represented in other software options.
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Methods

Alignment Matrix Import

PPP requires an MS-DIAL alignment matrix. Utilizing keywords and isotopic labeling
naming convention, PPP collates metabolite, blank, sample, light QC, heavy QC, mix QC, and
replicate data into an internal data array.
Isotopic Screening

Matching isotopic relationships from MS-DIAL and experimental parameters provided
by the user, PPP searches the internal data array for peak pairs that are potentially due to the
user’s isotopic labeling experiment, accounting for different charge states and adduct species.
Pea Pair Mass Validation

Mass defect filtering is optionally applied based on user-defined upper and lower mass
defect limits. Accurate mass difference between paired peaks is validated against user-defined
heavy tag shift and mass ppm tolerance.
Peak Pair Quantitative Corrections

Background peak values are subtracted utilizing a blank. Isotopic overlap between light
and heavy tagged analytes is subtracted utilizing the light pool QC.
Peak Pair QC Ratio Validation

Peak pairs are validated against minimum light QC L/H ratio, minimum heavy QC H/L
ratio, theoretical mix QC L/H ratio, and mix QC L/H ratio tolerance.

PPP was implemented in Python utilizing the PySimpleGUI and XlIsxWriter packages.
We have exported PPP to a single executable program that is independent of its original Python

IDE. Technical details are described in the Supplementary Material and the Github ReadMe file.

29



Results

To assess quantitation and demonstrate the MS-DIAL+PPP workflow’s capabilities, we
conducted two analyses: (i) dansylation of a 17 amino acid standard mixture and (ii) dansylation
of pooled human plasma, both with known L/H ratios of 1:10, 1:2, 1:1, 2:1, and 10:1 with high
mass resolution LC-MS data acquisition. In analysis (i), all 17 amino acids were identified by
MS-DIAL and validated, quantified by PPP. Further details are in the Supplementary Material.
In analysis (ii), MS-DIAL produced an alignment matrix with 3501 peaks, among which PPP
found 98 identified potential peak pairs and 701 unknown potential peak pairs. PPP validated 96
identified peak pairs and 378 unknown peak pairs. The drop in unknown peak pairs shows the
capability of PPP in validation and removing false positive peak pair identifications, a common
issue in metabolomics-related database search. Figure 20 illustrates (20A) the total isotopic
labeling workflow with MS-DIAL+PPP, (20B) PPP coding architecture, and (20C, 20D) key
results of analysis (ii). Panel C illustrates the usefulness of isotopic overlap subtraction where in
the L/H 10:1 sample, the peak pair ratio log10 values are much closer to the expected value of
1.00 following correction. Panel D illustrates the accuracy of MS-DIAL+PPP quantitation over
a range of metabolite L/H ratios. Noteworthy is the tailing of values at the extreme ratios of 1:10
and 10:1, indicating that these ratios are close to the limit of quantitation for low abundance

metabolites. Further details are in the Supplementary Material.
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Figure 20. MS-DIAL+PPP Workflow, PPP Processing, and Validation Results.
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(A) MS-DIAL+PPP isotopic labeling workflow in LC-MS metabolomics. Samples are

split, mixed to form two pools and aliquots for analysis. One pool is light tagged (light pool

QC), while the other is heavy tagged (heavy pool QC). Pools are combined at a known ratio

(optimally 1:1) to form the mix pool QC. Analysis aliquots are light tagged and then spiked with
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the heavy pool at the known ratio to make analysis samples. Analysis samples undergo LC-
MS(/MS) acquisition, then MS-DIAL peak identification and alignment. PPP performs peak pair
validation and quantitative correction based on ratios in the QCs. (B) Python coding architecture
and processing by PPP. (C) L/H 10:1 dansylated human plasma analysis outcomes with and
without PPP guantitative corrections. Metabolite peaks may overlap with background peaks, and
chemical tags used in light/heavy analysis may overlap in their isotopic envelopes. PPP can
optionally correct for background peaks and for isotopic overlap. In the 10:1 L/H sample, the
theoretical log10(L/H) value is 1.00, most closely attained when using both corrections. (D)
Workflow quantitative testing of dansylated human plasma across 100-fold range of theoretical
L/H values.
Supplementary Material

Materials and Methods
Chemicals and Materials

Pooled K2EDTA human plasma (LOT#:HMN654203) was purchased from BiolVT.
Amino acid standard mixtures (product AAS18-10ML) and sodium carbonate were purchased
from Sigma-Aldrich. MS pure *3C,-dansyl chloride and >C.-dansyl chloride were purchased
from Nova Medical Testing (Edmonton, Alberta, Canada). Other LC/MS grade solvents and
reagents were purchased from Thermo Fisher Scientific.
Metabolite Sample Preparation

The dansyl chloride isotopic labeling protocol[72] was adapted as follows to label human
plasma and a 17 amino acid standard mixtures. Briefly, metabolites were extracted from a
pooled BiolVT human plasma sample using methanol precipitation. The extract was dried and

reconstituted in 50% acetonitrile for isotopic labeling. Amino acid standard mixture was also
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dried first before reconstitution in 50% acetonitrile. Aliquots were then labeled with either the
light 2Co-dansyl chloride or the heavy 3C,-dansyl chloride. After quenching the reaction
mixture with 240 mM NaOH, light and heavy labeled samples were recombined to create pools
with 1:10, 1:2, 1:1, 2:1, and 10:1 mixing ratios to assess quantitation accuracy.
Mass Spectrometry Analysis

A Thermo Scientific Vanquish Horizon UHPLC System coupled with a Thermo
Scientific Q Exactive HF Orbitrap was used to conduct LC-(+)FTMS analysis. A Waters
ACQUITY UPLC BEH C18 column (1.7 um, 2.1 x 100 mm) was used along with the following
mobile phases: (A) 0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile. The
gradient was 25% B (0 min), 25% B (1.2 min), 99% B (11.2 min), 99% B (16.2 min), 25% B
(16.3 min), and 25% B (19 min) to achieve column equilibration. The column was maintained at
40 °C with flowrate of 400 uL/min. The injection volume was 5.00 uL. Each mixture and QC
was sampled in triplicate. lonization for FTMS analysis utilized a HESI source in the positive
mode with spray voltage 3 kV, capillary temperature 300 °C, sheath gas flowrate 35 au, aux gas
flowrate 10 au, probe heater temperature 300 °C, and S-lens RF level 50 V. FTMS scanning was
full MS1 in the range 250 to 1000 m/z with maximum IT 200 ms, AGC target 5x10°, and mass
resolution 60,000.
MS-DIAL Peak Pair Identification

MS-DIAL 4.92 for Windows x64 was used alongside an in-house metabolite dansylation
library. For the amino acid mixture, MS-DIAL data collection proceeded with MSL1 tolerance
0.005 Da and a maximum charge number 2. The minimum height was set to 108 with mass slice
width 0.05 Da. The peak smoothing method was linear weighted moving average with a

smoothing level of 3 scans and a minimum peak width of 5 scans. The Sigma window value was
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set to 0.1 without exclusion after precursor ions and with isotopic ions w/o MS2Dec preserved.
Automated identification was performed with a text file library with retention time tolerance 0.1
min, accurate mass tolerance 0.901 Da, identification score cut off 85%, and only reporting the
top hit. Peak alignment was performed in reference to the light pool QC with retention time
tolerance 0.04 min, MS1 tolerance 0.004 Da, removing features based on blank information,
sample max / blank average minimum fold change 5, keeping all metabolite features, and gap
filling by compulsion. Isotope tracking was performed with *3C as the labeled element, the light
pool QC as the non-labeled reference file, and the heavy pool QC as the fully-labeled reference
file. After MS-DIAL processing, the alignment results were exported in mgf format, choosing
export option ‘raw data matrixes (Height)’, with filtering by blank ion abundances, and filtering
by the result of isotope labeled tracking in reference to the heavy pool QC. For the human
plasma samples, the parameters were nearly the same with identification retention time tolerance
0.5 min and alignment MS1 tolerance 0.003 Da. Alignment tolerances needed tightening for the
human plasma experiment due to greater matrix complexity.
PPP Peak Pair Validation and Ratio Quantification

We have compiled PPP into an individual executable program that runs independently of
MS-DIAL. The researcher first provides a matrix alignment file from MS-DIAL, which can
have quantitative values in the form of peak areas or of average peak heights. PPP reads the
alignment file into an internal array. PPP then searches the internal array for peak pairs that
could be originated from the researcher’s isotopic labeling experiment. This is where the
greatest ‘pruning’ occurs, as the MS-DIAL alignment file may have tens of thousands of aligned
peaks, most of which are unrelated to isotopic labeling. Next, PPP conducts mass defect

filtering, keeping peak pairs with mass defects within a window set by a minimum and maximum
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mass defect. PPP then validates the accurate mass shift between the peaks of each peak pair,
checking that the mass difference conforms to the light and heavy labels within a given ppm
tolerance. Next comes background subtraction based on the blank, followed by subtraction of
heavy isotope overlap based on the light pool QC. Subtraction of the natural heavy abundance is

done through the following equations:

. . _ Sheavy,light QC
Equatlon 1. Rnatural heavy — S ]
light,light QC

Equation 2: Speavy,correctea = Sheavymeasurea — Stight Rnatural heavy

In Equation 1, the natural heavy abundance per light abundance is established from the
light pool QC. In Equation 2, the natural heavy abundance for each sample, mix QC, and
replicate is subtracted based off the light peak measured in that particular injection. Both
subtractions reduce peak pair values to a minimum of zero and are optionally selected by the user
such that four choices are possible: no subtraction, background subtraction, overlap subtraction,
and both subtractions. If both are selected, background subtraction is applied before overlap
subtraction. After quantitative corrections, peak pairs face a final validation against the L/H
ratios of the QCs: a minimum L/H ratio in the light pool QC, a minimum H/L ratio in the heavy
pool QC, and the L/H ratio in the mix pool QC related to experimental design with a specified
tolerance window. Validated peak pairs are outputted as a Microsoft Excel spreadsheet file with
metabolite information, group average L/H values, sample L/H values, and mixed pool QC L/H
values.

For the amino acid mixture, PPP validated peak pairs in the MS-DIAL alignment result
raw data matrix (Height) with the following parameters: mass defect window floor -450 mDa,

mass defect window ceiling 300 mDa, minimum L/H ratio in the light pool QC 10.0, minimum
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[H/L] ratio in the heavy pool QC 100.0, theoretical mix pool QC L/H ratio 1.0, mix pool QC L/H
tolerance 0.2, 1 and 2 tags per molecule, exact peak pair mass shift 2.00671 Da, mass shift
tolerance 10.0 ppm, background subtraction enabled, and isotopic overlap subtraction enabled.
For the human plasma, the PPP parameters were nearly identical with a mass defect window
floor -500 mDa and a mass defect window ceiling 499 mDa. The mass defect window [-500
mDa, 499 mDa] effectively disables mass defect filtering, which is the appropriate choice in the
absence of a target metabolite class or a priori knowledge of the sample.

Results and Discussion

Figure 21. MS-DIAL+PPP Validation with Dansylated Amino Acids.
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Boxplot representation of MS-DIAL+PPP analysis of dansylated AA standard mixture.
Light (L) and heavy (H) pools were mixed at 1:10, 1:2, 1:1, 2:1, and 10:1 to assess workflow
quantification with expected logio(L/H) values of -1.0, -0.3, 0.0, 0.3, and 1.0, respectively.

Figure 21 illustrates the results of the amino acid dansylation experiment. The amino
acid standard mixture from Sigma Aldrich contains 17 amino acids. All 17 light-tagged amino

acids were automatically identified in MS-DIAL with an inhouse library. They were paired with
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M+2 isotopic peaks in the case of singly tagged amino acids and M+4 isotopic peaks in the case
of doubly tagged amino acids along with other experiment-unrelated isotopic relationships. PPP
then validated all 17 experimental peak pairs and reported the amino acid L/H ratios in each
mixture sample. The PPP-reported L/H values conform very nicely to the experimental pool
mixing ratios. As the expected L/H values cover a 100-fold range in this experiment, these
values were transformed to logio values in Excel for presentation.

PPP Isotopic Labeling Metabolomics Workflow Instructions with Examples

Available on Github: https://github.com/QibinZhangLab/Peak Pair Pruner

This PPP document is the ‘ReadMe’ file. It contains instructions and use context.

Figure 22. MS-DIAL+PPP Workflow for Isotopic Labeling LC-MS(/MS) Metabolomics.
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Experimental Design Considerations
Past isotopic labeling data may or may not be suitable for this workflow based on the
experimental design used. If evaluating data compatibility or planning a new isotopic labeling
experiment with PPP in mind, the following samples with LC-MS(/MS) chromatograms are

required:
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https://github.com/QibinZhangLab/Peak_Pair_Pruner

A blank. A reagent blank is best, such as a 1:1 mixture of a light reagent blank and a
heavy reagent blank, but even a mobile phase blank will do. Triplicate or higher sampling is
recommended. Blanks should run in series with your samples and QCs.

3 pool QCs: light-tagged, heavy-tagged, and mixed. You should pool equal aliquots of
all samples prior to derivatization and from this common pool create a light-tagged pool and
heavy-tagged pool. These two pools serve as essential PPP QCs. The third pool QC is a mixture
of the first two pools at a known ratio. 1:1 L/H mixing is recommended for most reliable
quantification, but this can be increased to 2:1 or even 10:1 at high analyte concentrations if the
scarcity of the heavy tag demands. Triplicate or higher sampling is recommended. It is also
recommended that the heavy-tagged pool QC be analyzed in series with but before other QCs
and samples, such as: Blanks, heavy pool, and then the rest.

Light-tagged samples spiked with heavy pool. Any number of samples and replicates is
permitted with triplicate or higher sampling recommended if instrument time allocation allows.
First derivatize individual samples with your light tag and then spike in heavy-tagged pool at the
same ratio as your mix pool QC.

This document discussed the MS-DIAL+PPP workflow while referencing an example
dansylated[72] human plasma experiment. The .raw files and .ibf files analyzed are on
Metabolomics Workbench Study ID ST002427. The metabolite library, MS-DIAL output, and
PPP output are on Github.

e Light and heavy reagent blanks sampled in duplicate
e Heavy, light, and 1:1 mix pool QCs sampled in triplicate
e Samples imitating a 5 individual cohort with 100-fold metabolite

concentration spread:
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o 0010P: L/H 1:10 sampled in triplicate

o 0050P: L/H 1:2 sampled in triplicate

o 0100P: L/H 1:1 sampled in triplicate

o 0150P: L/H 2:1 sampled in triplicate

o 1000P: L/H 10:1 sampled in triplicate
MS-DIAL Peak Alignment, Identification, and Isotopic Pairing

MS-DIAL[55] is a generalized metabolomics platform for LC-MS(/MS) and GC-MS

analysis. A MS-DIAL project must be set up in a particular way if the goal is PPP peak pair
validation and quantification. This document will walk through these particulars and briefly
summarize other parameters for the example human plasma dataset. To learn more about MS-

DIAL’s capabilities and the function of its parameters, refer to the detailed online tutorial. Our

final data was reported utilizing MS-DIAL 4.9.2, but we have also tested it successfully using
MS-DIAL 4.9.0 and MS-DIAL 5.1. For this dataset, the main difference between MS-DIAL
4.9.0 and MS-DIAL 4.9.2 or 5.1 is that conversion from .raw to .ibf is no longer required. In this
experiment, we found that continuing to use .ibf files was superior. It seems that there is some
data loss by MS-DIAL when using .raw instead of first converting to .ibf. As such, you may
consider using .ibf on later versions as well. MS-DIAL versions 4.9.0 and earlier come with a
simple .ibf converter program that can be used to convert files for 4.9.0 but also for later

Versions.
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https://mtbinfo-team.github.io/mtbinfo.github.io/MS-DIAL/tutorial

Figure 23. MS-DIAL New Project Window.

& Start up a project -

Project file path:

lonization type
®) Soft ionization (LC/MS, LC/MS/MS, or precursor-oniented GC/MS/MS)

Hard ionization (GC/MS)

|

Separation type

®) Chromatography (GC, LC, CE, or SFC)
|
lon mobility (now coupled with liquid chromatography)

MS method type
8 Conventional LC/MS or data dependent MS/MS

SWATH-MS or conventional Ali-ions method All-ions with multiple CEs (cycled like OV-10V-40V)

Experiment file
Data type (MS1) Data type (MS/MS)
@) Profile data ® Profile data
Centroid data () Centroid data
| lon mode Target omics
@ Positive ion mode ®) Metabolomics
Negative ion mode Lipidomics

@ Advanced: add further meta data

B Srowse |

Make a new folder for your MS-DIAL project to contain all of its related files and set this

folder as the project path. When using an inhouse identification library as in this example

experiment, you must select Metabolomics beneath Target omics.
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Figure 24. MS-DIAL Analysis File Paths and Organization.

& New project window - O =
|
Analysis file paths Browse

Fi File name Type Class ID Batch Analytical order Inject. volume (ul) Included
C| 0010P-PO1 Sample Sample 1 1 14 10 o
CA( 0010P-PO2 Sample Sample 1 1 15 10 |
4| 0010P-PO3 Sample Sample 1 1 16 10 v
CA| oosor-PO1 Sample Sample 2 1 1 10 ]
CA( 0O50P-PO2 Sample Sample 2 1 18 10 |
CA| D0S0P-PO3 Sample Sample 2 1 19 10 ]
C[ 0100p-PO1 Sample Sample 3 1 2 10 ]

| CH| 0100P-P0O2 Sample Sample 3 1 21 10 d

| CH| 0100P-P0O3 Sample Sample 3 1 22 10 [
€| 0150P-PO1 Sample Sample 4 1 23 10 v
CH| 0150P-P02 Sample Sample 4 1 24 10 o
CA| 0150P-PO3 Sample Sample 4 1 25 10 ]
CH[ 1000P-PO1 Sample Sample 5 1 26 10 i |
CH| 1000P-P02 Sample Sample 5 1 27 10 v
CA( 1000P-P0O3 Sample Sample 5 1 28 10 ]
4| Heavy_Blank-P01 Blank Blank 1 1 5 il
€| Heavy_Blank-P02 Blank Blank 1 2 5 i
CH| Heavy_Pool-PO1 ac Heavy pool 1 5 10 /]
4| Heavy_Pool-P02 Qc Heavy pool 1 6 10 v
C| Heavy_Pool-P03 Qc Heavy pool 1 7 10 il
CH| Light_Blank-P01 Blank Blank 1 3 5 ]
4| Light_Blank-P02 Blank Blank 1 4 5 ]
C| Light_Pool-P01 ac Light pool 1 8 10 il
CH| Light_Pool-P02 QC Light pool 1 9 10 |
3 Light_Pool-P03 QC Light pool 1 10 10 W
CA| Mixed_Pool-PO1 (QC Mixed pool 1 L 10 ]
CA[ Mixed_Pool-P02 QC Mixed pool 1 12 10 o
CN Mixed_Pool-P03 QC Mixed poo! 1 1 10 &

Next Cancel

This is the most important window to double check. In the new project window, assign
the appropriate Type for your samples, pooled QCs, and blanks. Providing the correct Class IDs
is essential for downstream quantitation. Your light pool replicates must have the same Class ID
(recommend copy-pasting one name), and this name must begin with either ‘Light’ or ‘light’.
Your heavy pool replicates must also have the same class ID, and this name must begin with
either ‘Heavy’ or ‘heavy’. Your mixed pool replicates must also have the same class ID, and this
name must begin with either ‘Mix’ or ‘mix’. Regardless of blank strategy, your blanks must
have the same class ID, and this name must begin with either ‘Blank’ or ‘blank’. In this example
dataset, two different blanks were used, a light reagent blank and a heavy reagent blank. Due to

reagent scarcity, these two blanks were both diluted by a factor of 2 to reach sample volume. To
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account for this dilution, the injection volumes were entered such that the reagent blanks have
half the injection volumes of the QCs and samples. The function of the Inject. volume column is
to account for dilution variations across samples with the actual injection volume being
potentially irrelevant. For your cohort samples, the Class ID field represents how you can group
LC-MS(/MS) data. In this example, triplicate samplings of the five samples are grouped through
the use of five sample Class IDs. Any sample Class ID is allowed so long as it does not satisfy
any of the blank, light QC, heavy QC, or mix QC Class ID requirements discussed previously.

Figure 25. MS-DIAL Data Collection Parameters.

™ Analysis parameter setting - [m] X
Data collection | Peak detection | MS2Dec | Identification | Adduct | Alignment | Mobility | Isotope tracking
Mass accuracy (centroid parameter)
MS1 tolerance: 0.005| pa
M52 tolerance: 001 pa
\::_\:‘ Advanced
Data collection parameters
Retention time begin: 08| min
Retention time end: 12 min
MS1 mass range begin 250 pa
MS1 mass range end: 75d Da
MS/MS mass range begin: 0| pa
MS/MS mass range end: 2000| pa
Isotope recognition
Maximum charged number: 2
Consider Cl and Br elements: O
Multithreading
Number of threads: 4
Execute retention time corrections (.
Load V] Together with Alignment Finish . Cancel

Mass tolerances, retention time windows, and mass windows must be carefully
considered based on your LC-MS(/MS) system and the samples analyzed. For this workflow,
the maximum charge number should be the maximum charge number in your library. The

number of threads refers to the number of processors your computer will dedicate to processing
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the data. More threads means faster processing but greater allocation of computer resources to
MS-DIAL. Assigning too many threads can lead to freezing. The Load button can be used to
load previously saved parameters. The parameter file for this example dataset is on Github. The
parameter file will not automatically set your library file, alignment reference file, and isotope
tracking parameters. To prevent lost time due to incorrect processing, all parameters should be
double-checked even when loading a parameter file.

Figure 26. MS-DIAL Peak Detection Parameters.

% Analysis parameter setting - m} X
Data collection | Peak detection | MS2Dec | Identification | Adduct | Alignment | Mobility | Isotope tracking
Peak detection parameters
Minimum peak height: 1000000 amplitude
Mass slice width: 005| pa

—~
Kf) Advanced

Smoothing method: Linear weighted moving average
Smoothing level: 3 saan

Minimum peak width: 3| scan

Exclusion mass list: Accurate mass [Da] Mass tolerance [Da]

Load [/] Together with Alignment Finish Cancel

The minimum peak height is an essential consideration in the PPP workflow. Peaks with
intensities below this threshold will be eliminated from MS-DIAL’s processing. Raising this
value allows for faster data processing and reduces the probability that MS-DIAL will assign
incorrect isotopic relationships between analytes and interfering peaks. Lowering this value
increases the sensitivity of the workflow and widens the metabolome coverage. Regardless of
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tagging scheme, peak pairing will only be correct for a given analyte if its light-tagged M+1 peak
is above the minimum peak intensity. In the example dataset, the highest analyte intensities are
in the low-to-mid 10° range, and the background peaks are in the mid-10° range, making 10° a
reasonable minimum. An exclusion mass list can be included to potentially improve isotopic
peak pairing with a lower minimum intensity by excluding major background peaks. The other
parameters refer to MS-DIAL’s peak detection and smoothing algorithms. Reducing the
smoothing level to 2 may yield better results if you are struggling with partially overlapping
isomeric peaks.

Figure 27. MS-DIAL MS2 Deconvolution Parameters.

% Analysis parameter setting . m} X
Data collection | Peak detection  MS2Dec | Identification | Adduct | Alignment | Mobility | Isotope tracking
Deconvolution parameters
Sigma window value: 0.1
0

MS/MS abundance cut off: amplitude

(~) Advanced
Exclude after precursor ion: m|
Keep the isotopic ions until 05 pa

Keep the isotopic ions w/o MS2Dec v

. )
| Load [V7] Together with Alignment Finish || Cancel

Regardless of whether or not your LC-MS methods include[s] tandem mass spectrometry,
the Advanced MS2Deconvolution parameters must be assigned as above for downstream PPP

analysis.
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Figure 28. MS-DIAL Identification Parameters.

% Analysis parameter setting - O X
Data collection | Peak detection | MS2Dec | Identification | Adduct | Alignment | Mability | Isotope tracking

MSP file and MS/MS identification setting

MSP file:

Retention time tolerance: 100 min

Accurate mass tolerance (MS1): 001 pa |
Accurate mass tolerance (MS2): 005 pa

Identification score cut off: 80| 9%

Use retention time for scoring: O

Use retention time for filtering: 1

@ Advanced

Text file and post identification (retention time and accurate mass based) setting

Text file:

Retention time tolerance: 03 min
Accurate mass tolerance: 0.01| pa
Identification score cut off: 85| o

Spectrum cut off and report option
Relative abundance cut off: 0 o

Only report the top hit: [+]

|7|Together with Alignment | Finish || Cancel |

In this example, the library used is a text file library with MS1, RT, and adduct type
information. MSP libraries can also be used containing fragmentation data for more confident

identification.
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Figure 29. MS-DIAL Adduct Parameters.

L Analysis parameter setting - O X
Data collection | Peak detection | MS2Dec | Identification Adduct | Alignment | Mobility | Isotope tracking |
Adduct ion setting | User-defined adduct ‘
Molecular species Charge Accurate mass [Da] Included
[M+H]+ 1 1.007276 A
[M+NH4]+ 1 18.033823 (]
[M+Na]+ 1 22989218 ]
[M+CH30H+H]+ 1 33.033489 L]
[M+K]+ 1 38963158 ]
[M-+Li]+ 1 7.01600455 L]
[M+ACN+H]= 1 42033823 ]
[M+H-H20]+ 1 -17.002191 L]
[M+H-2H20]+ 1 -30.012756 ]
[M+2Na-H]+ 1 4497116 L]
[M+lsoProp+H]+ 1 61.06534 ]
[M+ACN+Na]+ 1 64.015765 O
[M+2K-H]+ 1 76.91904 O
[M+DMSO+H]+ 1 7902122 O
[M+2ACN+H]+ 1 83.06037 O
[M+IsoProp+Na+H]+ 1 84.055M ]
[M-C6H1004+H]+ 1 -145.050085 O
[M-C6H1005+H]+ 1 -161.045 O
[M-C6HBO6+H]+ 1 -175.024265 O
[ZM+H]+ 1 1.007276 L]
[ZM=NH4] 1 18.033823 O
[2M=+Na] = 1 22.989218 O
[2M=3H20+2H]+ 1 28.02312 O
[2M=K]+ 1 38963158 L]
[ZM=ACN+H]+ 1 42033823 C]
[2M+ACN+Na]+ 1 64.015765 L]
[M+2H]2+ 2 1.007276
[M+H+NH4]2+ 2 9.52055 L] v
Together with Alignment ‘ Einish ‘ | Cancel |

Select adducts relevant to your library file. In this example, the library contains [M+H]+

and [M+2H]2+ adduct modes.
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Figure 30. MS-DIAL Alignment Parameters.

® Analysis parameter setting
Data collection | Peak detection | M52Dec | Identification

Alignment parameters setting

Result name:

Reference file:

Retention time tolerance:

MS1 tolerance:

@ Advanced

Retention time factor:

MS1 factor

Peak count filter:

N% detected in at least one group:

Remove features based on blank information:
Sample max / blank average:

Keep ‘reference matched metabolite features:

Keep 'suggested (w/o MS2)" metabolite features:

Keep removable features and assign the tag:

Gap filling by compulsion:

Load | Together with Alignment

- [m] X
Adduct | Alignment | Mobility | Isotope tracking
alignmentResult_2022_12_13_15_57_20
Light_Pool-P02
004/ min
0.003| pa
03| (-1
05 0-1)
0
0
V]
5| fold change
v
i
vl
4
Finish ‘ Cancel

Several alignment parameters are essential for the PPP workflow. Your alignment

reference file should be your light pool QC. The retention time tolerance and MS1 tolerance

determine the windows within which peaks are aligned between your chromatograms. It is

important to make sure your LC system is well equilibrated before and after each injection so

that you can make the retention time tolerance small. High mass accuracy allows for a small

MS1 tolerance. Reducing these tolerances, like raising the minimum ion intensity, decreases the

probability that MS-DIAL will assign false isotopic relationships. Raising the minimum ion

intensity and less complicated sample matrixes allows these two tolerances to be relaxed.
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Figure 31. MS-DIAL Isotope Tracking Parameters.

W Analysis parameter setting — [m] X
Data collection | Peak detection | MS2Dec | Identification | Adduct | Alignment | Mability | Isotope tracking
Tracking of isotope labels ]

Labeled element 13C

Non-labeled reference file: Light_Pool-P02

[[] Use target formula library

‘ [] Set fully-labeled reference file: Heavy_Pool-P02 v

Load [] Together with Alignment Finish Cancel

Enable tracking of isotope labels and set the labeled element for your tagging scheme.
Dansylation relies on carbon-13.[72] Your non-labeled reference file should be the light pool
QC. Enable the fully-labeled reference file option and set the file as your heavy pool QC.

Double-check all of your parameters and click Finish to begin processing.
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Figure 32. MS-DIAL Alignment Result Export.

N Alignment result export - m] X
Directory: l Browse |
Export option

File: | alignmentResult_2022_12_13_16_54_26 v

i (/] Raw data matrix (Height) [] Peak ID matrix

] Normalized data matrix [_] Retention time matrix

| [ ] Raw data matrix (Area) [T] m/z matrix

: [] *Export as mztab-M [] M5/MS included matrix

[] GNPS export
[[] S/N matrix export
[[] Representative spectra

[C] Parameter

Filtered by blank peaks (must be checked in alignment parameter setting)

[¥] Filtering by the ion abundances of blank samples

Missing value option

[ ] Replace zero values with 1/10 of minimum peak height over all samples

Isotope labeled tracking option Target file

[+] Filtering by the result of isotope labeled tracking = Heavy_Pool-P02 v

Export format: | mgf
Export your alignment results as a raw data matrix. You can export an average peak

height raw data matrix or a peak area raw data matrix, but do not select both options for a single
export file. Enable filtering by the ion abundances of the blank samples if you want MS-DIAL
to eliminate background peaks, but note that it only eliminates or does not eliminate, does not
quantitatively correct kept peaks that overlap with the background. Filter by the result of isotope
labeled tracking in your heavy pool QC. In the human plasma experiment with FTMS data
acquisition and virtually no RT shift between light and heavy peaks, we have had better results
with average height than with peak area. Simultaneous acquisition of both light and heavy peaks
by the orbitrap allows for peak height to supersede peak area for most accurate quantification. In
some later work not included in the PPP paper, we have found that peak area is more useful

outside this exceptional case.
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PPP Validation and Correction of Peak Pairs

Figure 33. Peak Pair Pruner Primary GUI.

? Peak Pair Pruner v1.1

- X

Alignment Matrix Post Processing for Peak Pair Validation and Ratio Quantification of Isotopic Labeling LC-MS(/MS) Data

Alignment matrix directory\name
Mass defect filter lower limit in mDa:
Mass defect filter upper limit in mDa:
Minimum light QC L/H ratio:
Minimum heavy QC H/L ratio

Mix QC theoretical L/H ratio:

Mix QC L/H ratio tolerance

MNumber of tags per molecule (type all for exhaustive search):

Exact mass shift between light and heavy tags in Da:

Mass shift tolerance in ppm:

Subtract background values from samples and QCs?:
Subtract isotopic overlap from samples and Mix QCs?:
Output file name:

Output file format:

Qutput file directory:

This window will disappear while working.

| Browse

500

499

10.0

100.0

1.0

0.2

12

2.00671
10.0

v Subtract
¥ Subtract
dansylated_plasma_height_1and2Tags

Report —i | (Report for summary, matrix for deep dive)

You can now use the example matrix on Github if skipping the MS-DIAL steps. Run the

PPP .exe and two windows will appear. Keep both open. The parameter window is shown

above with the example data values filled in. Select your MS-DIAL alignment matrix and select

an output directory. Optional mass defect filtering can be applied based on your experiment.

The current mass defect window of [-500 mDa, 499 mDa] is all inclusive and so effectively

disables this filter. If you are analyzing a particular class of analyte, the mass defect window

may be useful for focusing your results. Set a minimum acceptable L/H ratio in your light pool

QC. This value should be large in your light pool QC as there are no heavy-tagged molecules.

However, your light pool analytes will still have natural heavy isotope abundance which may

overlap with your heavy tag’s m/z values. Enter a minimum acceptable H/L ratio in your heavy
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pool QC. Likewise, this value should be large but should not suffer from overlap like the light
pool QC. Enter your theoretical mix ratio from your experimental design and acceptable
tolerance for peak pairs. 1.0 and 0.2 for these values indicates that a peak pair with a L/H in the
range [0.8,1.2] will pass validation by the mix pool QC. Enter the number of tags per analyte
molecule. In PPP v1.1, multiple tagging levels can be queued at once. Entering ‘1,2’ will scan
for singly and doubly tagged molecules. Entering ‘2,4,6” would scan for molecules with 2, 4, or
6 tags. Alternatively, enter ‘all’ for a comprehensive scan of all potential tagging levels at the
cost of longer processing time. For the example dataset or alignment matrix, you should run
with 1 and 2 tags. Enter the exact mass shift between your light and heavy tags, 2.00671 Da for
2 carbon-13. Enter the mass shift tolerance for checking peak pair mass shifts. Optionally
subtract background peak pair values based on the blank. Optionally subtract isotopic overlap
(natural heavy abundance) based on the light pool QC. Enter a name for your file. Most
applications will benefit from the Report output format, but there is a modified matrix format as

well for troubleshooting.
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Figure 34. Peak Pair Pruner Data Processing Window.

[sotopic ratio ch
M um 11

Minimum he
=

Finished.
You may change parameters and GO again.

The second PPP window will show you the progress of data processing (usually very
fast) and gives a breakdown of where peak pairs are being eliminated if they fail validations. In
this example, 98 peak pairs from MS-DIAL had isotopic relationships conforming to 1 dansyl
chloride tag (M+0 and M+2). Two were eliminated by the ppm mass shift check. Twelve were
eliminated in the QC checks. These twelve turn out to be doubly tagged molecules (M+0 and
M+4), which pass the validation checks when rerunning with 2 as the number of tags per

molecule.
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Troubleshooting

If you have dramatically fewer validated peak pairs after PPP processing than you
expected or than you had identified in MS-DIAL, you should first check the PPP companion
window (above). This will tell you where the peaks were eliminated. If the initial isotopic
matches from MS-DIAL is too low, then there is a pairing issue in MS-DIAL, which could be
related to your alignment tolerances being too strict or your minimum peak height being too
high. It could also indicate a chromatographic problem. If there are numerous losses in the mass
check steps, make sure you have correctly calculated the mass shift between your light and heavy
tag with as many significant figures as are available. Check that the mass defect filtering
employed is not too restrictive for your target analytes. If mass accuracy is low, you may need to
relax the ppm tolerance. If losses are great in the QC ratio checks, there may be an experimental
issue such as differing reactivities and yields between the light and heavy tags or evaporation
leading to biased mixing/spiking. Relaxing all tolerances to extremes and looking at the Matrix
output format can help diagnose the exact problem. Losses can also be caused by incorrect peak
pairing in MS-DIAL, which is not easily diagnosable in PPP. Check the problematic peak pairs
in MS-DIAL and assess whether MS-DIAL is paring them correctly or potentially not at all.

Conclusions

PPP may have a short lifecycle if the active team behind MS-DIAL incorporates its
functionality, but for now, the MS-DIAL+PPP workflow represents one of the only free and
user-friendly means of conducting isotopic labeling data processing. The manual work of
conducting an isotopic labeling experiment is laborious and error prone, but robotic process

automation has the potential to make this analytical approach a standard in comparative omics.
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CHAPTER IV: HIGH THROUGHPUT LC-MS/MS BASED ANALYSIS OF GANGLIOSIDES
USING ISOTOPIC LABELING

Introduction

Gangliosides are glycosphingolipids composed of a hydrophobic ceramide moiety
connected by ether bond to a carbohydrate or ‘glycan’ moiety. The inclusion of one or more N-
Acetylneuraminic acids (shorthand Neu5Ac or sialic acid) differentiates gangliosides from other
glycosphingolipids. Figure 35 illustrates (A) the structure of a typical monosialoganglioside
with naming conventions initially outlined by Svennerholm[13] and (B) glycan structural
representation as popularized by glycated peptide research[62] and subsequently adapted for
convenient discussion[20, 61] of gangliosides.

Figure 35. Monosialoganglioside GM1a Structure and Cartoon Glycan Representation.

A) o HO, A monosialoganglioside: GM1a d18:1/18:0
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In Figure 35, the amphiphilic nature of the ganglioside is plain to see, responsible for
their insertion into the hydrophobic environment of the plasma membrane[47, 51, 74] as well as
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their instrumental role in forming and maintaining lipid rafts[27, 32, 43] through hydrogen-
bonding and other hydrophilic interactions. Lipid rafts and by extension gangliosides have been
mechanistically linked to the progression of numerous pathologies including cancers[52],
neurodegenerative disorders[20], and Type 1 Diabetes (T1D)[40]. This makes gangliosides
promising biomarkers for tracking disease progression and candidates for exogenous therapies.

Although gangliosides can be analyzed directly using tandem mass spectrometry for their
ceramides in the positive ion mode and for their glycans in the negative ion mode[17], chemical
derivatization enhances[16] structural identification through improved fragmentation while also
enabling more sophisticated analytical techniques such as stable-isotope labeling. Highlighted in
red in Figure 35, the carboxylic acid of the ganglioside NeuSAc residue is the ‘thorn’ preventing
high quality glycan analysis in positive mode tandem mass spectrometry. This preferentially
negative functional group leads to glycan fragmentation being most descriptive in the negative
ion mode. With cholamine[63] derivatization of carboxylates in other lipids[75] successful at
increasing positive mode ionization and with similar amide derivatization of gangliosides
previously demonstrated[76], we sought and developed a methodology for cholamine
derivatization of gangliosides with the MS-DIAL+PPP isotopic labeling workflow in mind.

Materials and Methods

Chemicals and Materials

11 ganglioside standards were purchased from Matreya for method development,
summarized in Table 1. The ganglioside standards are mixtures purified from biological sources
and often have a variety of lower abundance species[17]. The major species reported by Matreya

for each standard is in the table.
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Table 1. Matreya Ganglioside Standard Mixtures with Reported Major Species.

Ganglioside Standards Matreya Catalog # Major Mixture Species
Porcine Fuc-GM1la 1526 Fuc-GM1a d18:1/22:0
Bovine GM1a 1061 GM1la d18:1/18:0
Bovine GD1a 1062 GD1a d18:1/18:0
Bovine GD1b 1501 GD1b d18:1/18:0
Bovine GT1b 1063 GT1b d18:1/18:0
Bovine GQ1b 1516 GQ1b d18:1/18:0
Bovine GM2 1542 GM2 d18:1/18:0
Rabbit GD2 1527 GD2 d18:1/18:0
Bovine buttermilk GM3 1503 GM3 d18:1/23:0
Bovine buttermilk GD3 1504 GD3 d18:1/23:0
Chicken egg GM4 1535 GM4 d18:1/m22:0

(2-Aminoethyl)trimethylammonium chloride hydrochloride (cholamine) was purchased
from Sigma-Aldrich (SKU 284556-5G). Cholamine-3C3 was prepared as previously described
in the literature.[75] 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM) was purchased from TCI (product number D2919). All other reagents and solvents
were purchased from Thermo Fisher Scientific.

Sample Preparation

Ganglioside standards were initially dissolved in MeOH to form stock solutions. For
cholamine derivatization, 5 nmol ganglioside was transferred to a screwcap plastic tube and
dried. In addition to the following derivatization procedure, duplicate standard samples were
reconstituted in LC-MS mobile phase and analyzed at equivalent concentration as a benchmark
for assessment of ionization improvement through derivatization. Gangliosides were
reconstituted with 50 uL 50/50 MeOH/IPA with 10 mg/mL cholamine for light isotopic labeling
or cholamine-13C; for heavy isotopic labeling and 1.05:1.00 molar ratio TEA:cholamine. 50 uL
50/50 MeOH with 100 mM DMTMM was added to catalyze the reaction as illustrated in Figure
36. The mixture was incubated at 80 °C with 600 rpm mixing for 40 min, then placed on ice to

cool. Once below room temperature, 100 uL water was added to quench the reaction. Simple
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derivatization samples were prepared for LC-MS/MS analysis without further manipulation.
Isotopic labeling quantitative testing samples were made by mixing light-tagged samples and
heavy-tagged samples at ratios of 1:10, 1:2, 1:1, 2:1, and 10:1, drying these under nitrogen and
then reconstituting them in the initial gradient mobile phase. Drying under nitrogen was found to
be necessary to avoid degradation and exchange of isotopic labeling tags.

Figure 36. Ganglioside Amide Derivatization with Cholamine and DMTMM.
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A Thermo Fisher Scientific Vanquish Horizon UHPLC System coupled with a Thermo
Fisher Scientific Orbitrap Exploris 240 was used to conduct LC-(+)FTMS/MS analysis. A
Phenomenex Kinetex HPLC 1.7 um C18 100A (100 x 2.1 mm) column was used along with the
following mobile phases: (A) 0.1% formic acid and 10 mM ammonium formate in 60/40

ACN/H20 and (B) 0.1% formic acid and 10mM ammonium formate in 88/10/2 IPA/ACN/H-0.
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The gradient was 30% B (- 1 min), 30% B (0 min), 99% B (13 min), 99% B (14 min), 30% B
(14.1 min), 30% B (15 min). The column was maintained at 40 °C with flowrate 350 pL/min.
The injection volume was 5.00 pL. lonization for FTMS analysis utilized a HESI source in the
positive mode with spray voltage 3 kV, capillary temperature 350 °C, sheath gas flowrate 20 au,
aux gas flowrate 5 au, and probe heater temperature 400 °C. FTMS/MS scanning was full MS1
in the range 500 to 2000 m/z with maximum IT 100 ms and mass resolution 120,000, followed
by 10 data dependent MS2 scans selecting the top 10 precursor ions with a 2+ charge state with
isolation window 1 m/z, stepped normalized HCD collision energies 30 followed by 35 followed
by 40, mass resolution 15,000, maximum IT 50 ms, and MS2 spectrum first mass 120 m/z.
MS-DIAL Identification and Isotopic Peak Pairing

MS-DIAL 4.92 for Windows x64 was used alongside an in-house ganglioside
derivatization library. For the derivatized standards, MS-DIAL data collection proceeded with
MS1 tolerance 0.005 Da and maximum charge number 2. The minimum peak height was set to
10* with mass slice width 0.05 Da. The peak smoothing method was linear weighted moving
average with smoothing level of 3 scans and minimum peak width of 5 scans. The Sigma
window value was set to 0.1 without exclusion after precursor ions and with isotopic ions w/o
MS2Dec preserved. Automated identification was performed with a MSP library with retention
time tolerance 0.3 min, accurate mass tolerance (MS1) 0.005 Da, accurate mass tolerance (MS2)
0.01 Da, identification score cut off 70%, and retention time used for filtering but not scoring.

For the quantitation validation cohort, the same parameters were used along with peak
alignment in reference to a light-tagged sample, retention time tolerance 0.1 min, MS1 tolerance

0.004 Da, and linear extrapolation RT correction by MS-DIAL. Isotope tracking was enabled
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with 13C as the labeled element, the light-tagged sample as the non-labeled reference, and the
heavy-tagged sample as the fully-labeled reference.
PPP Peak Pair Validation and Quantitation

Relative quantitation between light and heavy peaks in the isotopic labeling validation
cohort was carried out through Peak Pair Pruner v1.1 post processing of the MS-DIAL alignment
matrix output. PPP proceeded with lower mass defect limit -500 mDa, upper mass defect limit
499 mDa, minimum light QC L/H ratio 1.5, minimum heavy QC L/H ratio 10.0, mix QC
theoretical L/H ratio 1.0, mix QC L/H ratio tolerance 0.2, 1 tag per molecule, mass shift between
heavy and light tags 3.010065 Da, mass shift tolerance 10.0 ppm, subtraction of background
values enabled, and subtraction of isotopic overlap enabled.

Results and Discussion

Upcoming Figures 37 through 45, 47 and 48, and Tables 2 through 12 illustrate the
results of cholamine derivatization of the 11 Matreya standards (in order: Fuc-GM1a, GM1a,
GM2, GM3, GM4, GD3, GD2, GD1b, GD1a, GT1b, GQ1b). Each Figure has (A) the structure
and LC-MS peak for the major species reported by Matreya prior to cholamine derivatization,
(B) the structure and LC-MS peak for that same species after cholamine derivatization, and (C)
the annotated MS2 spectrum of the derivatized structure as used for library building and
subsequent wider annotation by MS-DIAL. Each figure is followed by a table describing the
species identified in MS-DIAL using an inhouse MSP library with measured RT (min), relevant
monoisotopic m/z (2+ ions for all except GM4 with 1+), species name, peak area in the MS1
chromatogram, and coeluting ceramide isomers. Coeluting ceramide isomers were detected with
a small post processing script checking for two characteristic, matching ceramide LCB fragment

ions as previously described in the literature[15, 16] and illustrated in the Figures as O’” and O’.
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Fucosylated GM1la

Figure 37. Fuc-GM1a d18:1/22:0 Cholamine Derivatization and Fragmentation.
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Table 2. Matreya Standard Mixture Fuc-GM1a Gangliosides Derivatized and Identified.

RT m/z Gangliosides Peak Area Coeluting Isomers
7.66 917.057 Fuc-GM1la d18:1/22:0 3.28E+09
8.29 931.072 Fuc-GM1a d18:1/24:0 1.93E+09
6.94 903.042 Fuc-GM1a d18:1/20:0 1.44E+09
5.19 875.013 Fuc-GM1a d18:1/16:0 5.40E+08
7.61 930.066 Fuc-GM1la d18:1/24:1 3.64E+08
7.89 918.067 Fuc-GM1a d18:0/22:0 3.80E+08

7.99 924.068 Fuc-GM1a d18:1/23:0 2.92E+08 d19:1/22:0
7.20 904.051 Fuc-GM1a d18:0/20:0 2.39E+08

6.12 889.029 Fuc-GM1a d18:1/18:0 1.25E+08 d16:1/20:0
7.31 910.051 Fuc-GM1a d18:1/21:0 1.26E+08 d17:1/22:0
8.49 932.080 Fuc-GM1a d18:0/24:0 1.23E+08 d20:0/22:0
5.54 876.021 Fuc-GM1a d18:0/16:0 7.43E+07

8.85 945.092 Fuc-GM1a d20:1/24:0 7.17E+07 d22:1/22:0
6.55 896.037 Fuc-GM1a d17:1/20:0 3.22E+07 d18:1/19:0
8.59 938.083 Fuc-GM1a d18:1/25:0 3.40E+07 d19:1/24:0, d20:1/23:0
6.42 890.036 Fuc-GM1a d18:0/18:0 1.64E+07 d16:0/20:0
5.67 882.021 Fuc-GM1a d18:1/17:0 9.06E+06

6.82 897.043 Fuc-GM1a d17:0/20:0 3.57E+06 d18:0/19:0

The ability to analyze fucosylated gangliosides in this methodology is a great asset as
previous stable-isotope labeling strategies based on periodate oxidation[16] cannot easily be
applied to fucose-containing glycans due to fucose destruction by periodate[77]. For Fuc-GM1la
d18:1/22:0, there is a large increase in ionization intensity (4E7 to 3E8) in derivatization along
with a shift toward a doubly charged ion. This shift is useful for LC-MS/MS analysis, as it
allows selection of just 2+ ions for MS2, ignoring the 1+ ions which make up the majority of
background peaks. The resulting fragmentation spectrum is very descriptive, containing the
intact ceramide, the intact glycan, fragments for diagnosis of ceramide LCB content explicitly
and FA content implicitly, and diagnostic glycan fragments. The greater analysis by MS-DIAL
in Table 2 agrees nicely with Matreya’s product manifest while providing greater detail of low

abundance species.
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GM1la

Figure 38. GM1a d18:1/18:0 Cholamine Derivatization and Fragmentation.
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Table 3. Matreya Standard Mixture GM1a Gangliosides Derivatized and Identified.

RT m/z Gangliosides Peak Area Coeluting Isomers
7.05 830.0141 GM1la d20:1/18:0 7.22E+09

6.25 815.9990 GM1la d18:1/18:0 6.95E+09

7.31 831.0215 GM1la d20:0/18:0 6.82E+08

6.55 817.0061 GM1la d18:0/18:0 4.90E+08

6.66 823.0056 GM1la d19:1/18:0 3.06E+08 d18:0/19:1, d18:1/19:0
7.76 844.0300 GM1la d20:1/20:0 1.92E+08 d18:1/22:0

5.49 814.9921 GM1la d18:2/18:0 1.60E+08

5.35 801.9820 GM1la d16:1/18:0 1.32E+08 d18:1/16:0

7.41 837.0201 GM1la d20:1/19:0 5.19E+07 d18:1/21:0, d21:1/18:0
5.60 814.9918 GM1la d18:2/18:0 5.26E+07

8.40 858.0468 GM1la d18:1/24:0 4.41E+07

5.81 808.9907 GM1a d18:1/17:0 2.83E+07 d17:0/18:1, d17:1/18:0
6.95 824.0135 GM1la d19:0/18:0 1.37E+07 d18:0/19:0, d20:0/17:0
5.68 802.9917 GM1la d16:0/18:0 9.03E+06 d18:0/16:0

7.99 845.0378 GM1a d20:0/20:0 8.22E+06 d18:0/22:0

5.92 821.9979 GM1la d19:2/18:0 4.80E+06

As with Fuc-GM1a, there is a large derivatization improvement in ionization for GM1a
and a shift toward the 2+ ion alongside a descriptive fragmentation spectrum. In the MS-DIAL
output, these results also mostly agree with Matreya’s analysis. However, GM1a d20:1/18:0 is
the highest abundance species and not GM1a d18:1/18:0 as suggested in the product manifest.
Matreya describes the mixture as predominately LCB d18:1 but with variation and with
predominately FA 18:0, without analysis of molecular species, and so this highest abundance

species is consistent with the limitations of their method.
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GM2

Figure 39. GM2 d18:1/18:0 Cholamine Derivatization and Fragmentation.
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Table 4. Matreya Standard Mixture GM2 Gangliosides Derivatized and Identified.

RT m/z Gangliosides Peak Area Coeluting Isomers
6.46 7349717 GM2d18:1/18:0 6.77E+09 d18:0/18:1
7.23 7489871 GM2d20:1/18:0 5.81E+09

750 749.9946 GM2d20:0/18:0 5.30E+08

6.75 7359805 GM2d18:0/18:0  3.99E+08

6.86 7419781 GM2d19:1/18:0 2.43E+08 d18:0/19:1, d18:1/19:0
794 763.0021 GM2d20:1/20:0 1.61E+08 d18:1/22:0

571 733.9644 GM2d18:2/18:0 1.76E+08

558 720.9561 GM2d16:1/18:0 1.22E+08 d18:1/16:0

582 733.9644 GM2d18:2/18:0 5.79E+07

760 755.9940 GM2d20:1/19:0 3.98E+07 018:1/21:0, d19:0/20:1, d19:1/20:0,

d20:0/19:1
6.02 727.9629 GM2d18:1/17:0 3.62E+07 d17:0/18:1, d17:1/18:0
856 777.0185 GM2d18:1/24:0  3.24E+07 d20:1/22:0
758 769.0039 GM2d18:1/23:1  1.57E+07
7.14 7429882 GM2d19:0/18:0 1.09E+07 d20:0/17:0
589 7219650 GM2d16:0/18:0 8.62E+06 d18:0/16:0

6.13 740.9727 GM2d19:2/18:0 5.13E+06
Like the first two monosialogangliosides, GM2 experiences large ionization improvement
and a shift toward the 2+ ion. However, this shift is less pronounced, as species with smaller
glycans tend toward single charge states. The fragmentation spectrum is still very descriptive,
enabling confident identifications. The results of MS-DIAL analysis agree nicely with the
Matreya manifest while as before providing more comprehensive description of lower abundance

species.
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GM3

Figure 40. GM3 d18:1/23:0 Cholamine Derivatization and Fragmentation.
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Table 5. Matreya Standard Mixture GM3 Gangliosides Derivatized and Identified.

RT m/z Gangliosides Peak Area Coeluting Isomers
8.41 668.4714 GM3d18:1/23:0  3.47E+09 d19:1/22:0

8.10 661.4646 GM3d18:1/22:0  2.58E+09 d16:1/24:0, d17:1/23:0
8.71  675.4797 GM3d18:1/24:0  1.87E+09 d19:1/23:0

7.79  654.4549 GM3d16:1/23:0  1.47E+09 d17:1/22:0

8.02 655.4628 GM3d16:0/23:0  9.49E+08 d17:0/22:0

7.68 648.4572 GM3d16:0/22:0  9.06E+08

8.33 662.4703 GM3d18:0/22:0  8.12E+08 d16:0/24:0, d17:0/23:0

743 647.4476 GM3d16:1/22:0  7.63E+08
7.73 667.4629 GM3d18:1/23:1  6.77E+08 d16:1/25:1, d17:1/24:1, d18:2/23:0
576 619.4166 GM3d18:1/16:0  6.54E+08

8.62 669.4796 GM3d18:0/23:0  3.58E+08 d17:0/24:0

8.06 6744717 GM3d18:1/24:1  3.17E+08

8.88 6824877 GM3d19:1/24:0  2.90E+08 d18:1/25:0, d20:1/23:0
740 660.4556 GM3d16:1/24:1  2.41E+08 d17:1/23:1, d18:1/22:1, d18:2/22:0
6.09 620.4257 GM3d18:0/16:0  2.26E+08 d16:0/18:0

7.17  653.4487 GM3d16:1/23:1  1.51E+08

890 676.4866 GM3d18:0/24:0  1.38E+08 d20:0/22:0

898 6824877 GM3d18:1/25:0 1.21E+08

6.64 633.4324 GM3d18:1/18:0  1.08E+08 d16:1/20:0

732 641.4478 GM3d16:0/21:0  9.11E+07 d14:0/23:0, d17:0/20:0
6.94 6344397 GM3d18:0/18:0  7.05E+07 d14:0/22:0, d16:0/20:0
514 606.4095 GM3d16:0/16:0  5.50E+07 d18:0/14:0

7.06 640.4413 GM3d16:1/21:0  4.46E+07 d17:1/20:0

9.23 689.4943 GM3d18:1/26:0  4.45E+07 d20:1/24:0

6.06 626.4246 GM3d19:1/16:0  3.78E+07 d17:1/18:0

528 6124093 GM3d17:1/16:0  2.78E+07 d18:1/15:0, d16:0/17:1
480 605.4022 GM3d16:1/16:0  2.64E+07 d18:1/14:0

6.61 627.4318 GM3d12:0/23:0  2.43E+07

564 613.4178 GM3d17:0/16:0  1.69E+07 d16:0/17:0

9.16 683.4944 GM3d20:0/23:0 1.60E+07 d18:0/25:0

6.80 646.4401 GM3d16:1/22:1  1.20E+07 d18:1/20:1

598 6324257 GM3d18:1/18:1  1.09E+07

The GM3 standard mixture is very diverse. Still, there is good agreement with Matreya’s
manifest. The shoulder in the chromatogram is the M+2 isotope of a species with 1 more

ceramide double bond (- 2 Da) with sufficiently different RT to resolve the peaks in MS-DIAL.
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GM4

Figure 41. GM4 d18:1/m22:0 Cholamine Derivatization and Fragmentation.
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Table 6. Matreya Standard Mixture GM4 Gangliosides Derivatized and Identified.

RT m/z Gangliosides Peak Area
7.93 1175.862 GM4 d18:1/m22:0 3.20E+09
8.56 1203.893 GM4 d18:1/m24:0 2.28E+09
8.25 1189.881 GM4 d18:1/m23:0 1.73E+09
5.68 1075.774  GM4 d18:1/16:0 5.42E+08
5.51 1091.771  GM4 d18:1/m16:0 2.96E+08
8.05 1159.868 GM4 d18:1/22:0 2.71E+08
7.23 1147.829  GM4 d18:1/m20:0 2.63E+08
7.59 1161.848 GM4 d18:1/m21:0 1.37E+08
6.03 1077.788  GM4 d18:0/16:0 1.12E+08
8.85 1217.908 GM4 d18:1/m25:0 1.03E+08
8.36 1173.881 GM4 d18:1/23:0 9.33E+07
8.49 1191.893 GM4 d18:0/m23:0 8.18E+07
8.68 1187.897 GM4 d18:1/24:0 7.32E+07
5.86 1093.786  GM4 d18:0/m16:0 6.40E+07
7.36 1131.833 GM4 d18:1/20:0 3.54E+07
8.78 1205.907 GM4 d18:0/m24:0 2.97E+07
6.58 1103.804 GM4 d18:1/18:0 2.20E+07
7.50 1149.847  GM4 d18:0/m20:0 1.14E+07
6.13 1089.790 GM4 d18:1/17:0 3.07E+06
6.83 1133.817 GM4 d18:1/m19:0 2.26E+06

This last monosialoganglioside, GM4, is the smallest and so suffers most from the
smaller glycan to smaller charge state trend. The 2+ ion is appreciable, but fragmentation was
repeated with 1+ ions to get better coverage. The GM4 standard mixture is unique for having
fatty acids with hydroxyl moieties. The presence of fatty acid hydroxyls can be discerned by
mass difference between the Z0 and O’/O’’ fragments. The exact carbon address of the fatty
acid hydroxyls is not diagnosable by the fragmentation spectrum. The figure depicts FA 22:0 2-

OH because this is what is reported by Matreya.
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GD3
Figure 42. GD3 d18:1/23:0 Cholamine Derivatization and Fragmentation.
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Table 7. Matreya Standard Mixture GD3 Gangliosides Derivatized and Identified.

RT m/z Gangliosides Peak Area Coeluting Isomers
7.94 856.0731 GD3d18:1/23:0 1.17E+09 d19:1/22:0

7.60 849.0652 GD3d18:1/22:0 9.59E+08 d16:1/24:0, d17:1/23:0
726  842.0547 GD3d16:1/23:0 6.24E+08 d17:1/22:0

8.27 863.0795 GD3d18:1/24:0 5.13E+08
6.88  835.0473 GD3d16:1/22:0 2.79E+08
506 807.0177 GD3d18:1/16:0 3.09E+08
7.85 850.0693 GD3d16:0/24:0 2.84E+08 d17:0/23:0, d18:0/22:0
750 843.0626 GD3d16:0/23:0 2.72E+08
7.14  836.0558 GD3d16:0/22:0 2.05E+08

7.22  855.0648 GD3d18:1/23:1 2.55E+08 d16:1/25:1, d17:1/24:1, d18:2/23:0
757 862.0695 GD3d18:1/24:1 1.52E+08 d18:2/4:0, d19:1/23:1, d20:2/22:0
541 808.0245 GD3d18:0/16:0 5.56E+07 d16:0/18:0

8.47  870.0859 GD3d19:1/24:0 9.74E+07 d18:1/25:0, d20:1/23:0

6.85 848.0568 GD3d16:1/24:1 7.90E+07 d17:1/23:1, d18:1/22:1, d18:2/22:0
6.01 821.0341 GD3d18:1/18:0 3.77E+07 d16:1/20:0

6.60 841.0487 GD3d16:1/23:1 4.98E+07

405 793.0027 GD3d16:1/16:0 2.17E+07 d18:1/14:0

457 800.0092 GD3d17:1/16:0 2.15E+07
440 794.0079 GD3d16:0/16:0 1.99E+07
6.46  828.0420 GD3d16:1/21:0 1.42E+07
6.75 829.0474 GD3d16:0/21:0 1.80E+07

6.33  822.0421 GD3d18:0/18:0 1.70E+07 d16:0/20:0
539 814.0236 GD3d19:1/16:0 1.74E+07 d17:1/18:0
597 815.0322 GD3d35:0 8.31E+06 -

GDa3 is the first disialoganglioside in this progression and the smallest in the standard
suite. The disialogangliosides have stronger 2+ ionization because they have two permanent
formal charges via two cholamine tags. In the derivatized chromatogram, there is a shoulder
from the isotopic peak of another species, but also some tailing of the peak. Peak tailing is
observed for all disialogangliosides in this method and can be much improved by column choice.

Superficially porous columns were found to be superior to fully porous columns.
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GD2

Figure 43. GD2 d18:1/18:0 Cholamine Derivatization and Fragmentation.
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Table 8. Matreya Standard Mixture GD2 Gangliosides Derivatized and Identified.

RT m/z Gangliosides Peak Area Coeluting Isomers
5.76 9225729  GD2 d18:1/18:0 5.83E+09

6.62 936.5884  GD2 d20:1/18:0 4.97E+09 d18:1/20:0

6.22 929.5801  GD2 d19:1/18:0 2.24E+08  d18:1/19:0, d20:1/17:0
7.42 950.6036  GD2 d20:1/20:0 1.12E+08 d18:1/22:0

4.97 921.5658 GD2 d18:2/18:0 5.77E+07
5.11 921.5630 GD2 d18:2/18:0 3.88E+07

481 908.5569 GD2 d18:1/16:0 2.37E+07 d16:1/18:0
7.79 957.6104 GD2 d18:1/23:0 1.74E+07 d20:1/21:0
7.68 950.5999 GD2 d20:1/20:0 1.77E+07

5.31 915.5674 GD2 d18:1/17:0 1.08E+07 d17:1/18:0

GD2 is a slightly larger disialoganglioside and so has better 2+ ionization. Interestingly,
the GD2 ceramide diversity is very similar to the GM2 ceramide diversity, as was the GD3’s to
the GM3’s. The GM3 and GD3 mixtures were both sourced from bovine buttermilk, and so their
ceramide similarity is not surprising. However, GM2 and GD2 were from bovine and rabbit

sources, respectively, and so it is curious that these two are so similar.
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GD1b

Figure 44. GD1b d18:1/18:0 Cholamine Derivatization and Fragmentation.
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Table 9. Matreya Standard Mixture GD1b Gangliosides Derivatized and Identified.

RT m/z Gangliosides Peak Area Coeluting Isomers
6.45 1017.6150 GD1b d20:1/18:0 1.09E+10
5.59 1003.5980 GD1b d18:1/18:0 7.15E+09
5.90 1004.6020 GD1b d18:0/18:0 4.59E+08
4.80 1002.5910 GD1b d18:2/18:0 1.69E+08

4.65 989.5844 GD1b d16:1/18:0 1.30E+08 d18:1/16:0
1.27 1031.6280 GD1b d20:1/20:0 1.39E+08 d18:1/22:0
5.14 996.5920 GD1b d18:1/17:0 2.77TE+07 d17:1/18:0

GD1b is the first of two glycan structural isomers in the standard suite (GD1b and
GD1a), and so the fragmentation pattern here is critical for accurate glycan identification. The
Neu5Ac-Neu5Ac fragment is characteristic of GD1b and not of GD1a. In the MS-DIAL
analysis, there is another example of where the top Matreya species is the #2, inferior to another

d20:1 LCB variant.
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GDla

Figure 45. GD1a d18:1/18:0 Cholamine Derivatization and Fragmentation.

A)

HNW/\
'O\/\/\V\/VV\/\N

OH

GD1a d18:1/18:0
Primary species in GD1a standard mixture

NL: 1.42E7
RT = 5.49 min
[M+H] m/z = 1837.98

Relative Abundance

~
o

o
paea bl

-3
o
1

o
=]

8
A

[
o
1l

[
=3
11

-
=)
1l

GD1a d18:1/18:0-2Cholamine
Standard after cholamine derivatization

NL: 3.35E8

RT = 5.65 min
[M]2+ m/z = 1003.60

o
o

1003

(]

o
<L507

20
153
104

1 126.05

EIE N

35 4.0 45 5.0

Time (min)

GalNAc
B2
| o B3
/"‘w*o—é——ri
H

0
|
<
/N'\/\NJK<>/
H

Neu5Ac «—— - Neu5Ac

15 2.0 3.0

Q) NL: 9.88E7

B4«

—O

Neu5Ac- NMe3-H20
299.12

NeuS5Ac - NMe3
317.13

GalNAc - H20
186.08

o!
282.28

GalNAc frag Neu5Ac

376.21 B2-NMe3-CO
408.1

GalNAc
|”|'||'3 |[ . I| .| |||I ; | | log

Ll | !!. b lll o

5.5 6.0 6.5 7.0

[M]2+ fragmentation
GD1a d18:1/18:0-2Cholamine

(0]

HN)J\/\/\/\/\/\/\/\/\

-H20 -H20

B3 — Neu5Ac (2.87E6)
903.39 —

B4 — NMe3 (5.96E6)
1381.57—

20
548.54

204.09
220 240 260 280 300 320 340 360

m/z

120 140 160 180 200

76

J
LIS UL L e
380 400 420 440 460

T T T T T

.
T T yl
480 500 520 540 560 580 600



Table 10. Matreya Standard Mixture GD1a Gangliosides Derivatized and Identified.

RT m/z Gangliosides Peak Area Coeluting Isomers
6.52 1017.6150 GDla d20:1/18:0 7.70E+09
567 1003.5980 GD1ad18:1/18:0 7.60E+09

6.16 1010.6080 GD1ad19:1/18:0 1.07E+08 d18:0/19:1, d18:1/19:0
480  989.5842 GD1a d16:1/18:0 5.39E+07 d18:1/16:0

GD1a is the second GD1 glycan isomer in the set. It does not have the NeuSAc-Neu5Ac
fragment that was diagnostic for GD1b. For its own diagnostic fragment, it has GaINAc-Gal-
Neu5Ac, which is characteristic of the GD1a structure and not of GD1b. As per the MS-DIAL
analysis, this is a relatively simple mixture in good agreement with Matreya’s manifest.

Figure 46. Lactone Formation Observed in Cholamine Derivatization of GT1b and GQ1b.
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Figure 46 illustrates unique lactone generation seen with GT1b and GQ1b and with none
of the mono- or disialogangliosides. It seems that the additional coulombic stress of adding a

third or fourth permanent formal charge is too much for the cholamine derivatization.
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Fragmentation observed is consistent with multiple outcomes, namely Neu5Ac-Neu5Ac and
Neu5Ac-Gal lactone formation, these products eluting with slightly different retention times.

It is noteworthy that there are not as many products as would be expected if operating on
the assumption that the lactone outcome is random. For both GT1b and GQ1b, the major
product is only Neu5Ac-Neu5Ac lactones. Products with only NeuSAc-Gal lactones are also
observed at lower yield. What is not appreciably observed are most or all of the permutations
mixing these outcomes that one might expect, leading to the possibility that there are different
reactants rather than different products, such as the analytically challenging glycan disaccharide
linkage isomers. By accident, we have stumbled upon a chemistry very similar to previously
demonstrated lactone generation for the diagnosis of ganglioside glycan linkage isomers.[22, 23,
25] As such, it seems possible that this derivatization can be used to discern glycan linkage
isomers for tri- and tetrasialogangliosides. However, we currently lack the standards necessary

to confidently make this claim, making this utility a question for future research.
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GT1b

Figure 47. GT1b d18:1/18:0 Cholamine Derivatization and Fragmentation.
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Table 11. Matreya Standard Mixture GT1b Gangliosides Derivatized and Identified.

RT m/z Gangliosides Peak Area Coeluting Isomers
6.28  1154.157 GT1b d20:1/18:0 1.01E+09

544  1140.142 GT1b d18:1/18:0 6.99E+08

6.60  1155.164 GT1b d20:0/18:0 8.99E+07

7.08  1168.176 GT1b d20:1/20:0 8.91E+06 d18:1/22:0

As described in Figure 46, GT1b undergoes lactone formation in the cholamine
derivatization reaction. Figure 47B illustrates the major product, the NeuSAc-Neu5Ac lactone.
There is a shoulder on the right side of the LC-MS peak, which is the lesser Neu5Ac-Gal lactone
product. The lactone and its position produce unique fragment ions, which were instrumental in

diagnosing the nature of these products and the difference between them.
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GQ1b

Figure 48. GQ1b d18:1/18:0 Cholamine Derivatization and Fragmentation.
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Table 12. Matreya Standard Mixture GQ1b Gangliosides Derivatized and Identified.

RT m/z Gangliosides Peak Area Coeluting Isomers
6.17 1290.701  GQ1b d20:1/18:0  2.66E+08 d18:1/20:0
5.32 1276.681  GQ1b d18:1/18:0  1.36E+08

While the GQ1b standard mixture appears to be a simple one, there is evidence of
unknown isomerism, even in the underivatized chromatogram. There are three product peaks in
the derivatized chromatogram that appear to be the result of three initial ganglioside peaks in the
underivatized chromatogram. Answering whether these are ultimately the result of linkage
isomers or another form of isomerism, such as the undocumented presence of GQla or GQlc,
will require an orthogonal analysis strategy or more specific standards. The other two products
are however certainly GQ1 species with two cholamine tags and two lactones.

Quantitation Validation Cohort

Figure 49. GM3 Cohort Results in Cholamine Isotopic Labeling Quantitation
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Figure 49 illustrates the key results of the isotopic labeling relative quantification cohort

with GM3. The five mixtures composing the cohort have known light-to-heavy (L/H) mixing
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ratios of 1:10, 1:2, 1:1, 2:1, and 10:1 with expected measurement log(L/H) values of -1.0, -0.30,
0.0, 0.30, and 1.0, respectively. These results show that the concept of conducting ganglioside
relative quantification through isotopic labeling with cholamine is sound.
Conclusions

While the results with the standards are very promising, and 260 ganglioside
identifications is higher than most method publications report, this workflow has several
considerations for its use in biological application which may cause difficulty. First, the labeling
reaction is by necessity completely dry; even condensation inside an extract vial from the freezer
may cause issues. This can be solved through careful practice. Next, the 80 °C reaction
condition leads to refluxing of the MeOH/IPA solvent mixture, requiring the use of screwcap
vials or otherwise making the samples airtight, but such solutions are readily available. Third
and most significantly, as the reaction is fundamentally amide bond formation between a
carboxylate and a primary amine, there are numerous interfering agents in a biological sample.

For example, amino acids possess both a carboxylate and a primary amine, allowing for
‘ultrapolymerization’ of metabolites by the reaction procedure, observed as fluffy white
precipitates and resulting in incomplete ganglioside derivatization through reagent consumption.
We have experimented with several biological samples and extraction methodologies but have
not yet found the right balance between eliminating interfering agents and making an efficient,
reproducible workflow. That the method works well with the standards extracted and purified
from biological sources provides assurance that this can be done. Once this problem is solved,
cholamine derivatization will be a powerful tool for the whole ion analysis of gangliosides and

provides a means for isotopic labeling relative quantification in their comparative analyses.
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CHAPTER V: HIGH THROUGHPUT LC-MS/MS BASED ANALYSIS OF GANGLIOSIDES

USING ISOBARIC LABELING

Introduction

Gangliosides are glycosphingolipids composed of a hydrophobic ceramide moiety
connected by ether bond to a carbohydrate or ‘glycan’ moiety. The inclusion of one or more N-
Acetylneuraminic acids (shorthand Neu5Ac or sialic acid) differentiates gangliosides from other
glycosphingolipids. Figure 50 illustrates (A) the structure of a typical monosialoganglioside
with naming conventions initially outlined by Svennerholm[13] and (B) glycan structural
representation and fragmentation as popularized by glycated peptide research[62] and
subsequently adapted for convenient discussion[20, 61] of gangliosides.

Figure 50. Ganglioside Nomenclature and Structure with Highlighted Derivatization Site.
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In Figure 50, the amphiphilic nature of the ganglioside is plain to see, responsible for
their insertion into the hydrophobic environment of the plasma membrane[47, 51, 74] as well as
their instrumental role in forming and maintaining lipid rafts[27, 32, 43] through hydrogen-
bonding and other hydrophilic interactions. Lipid rafts and by extension gangliosides have been
mechanistically linked to the progression of numerous pathologies including cancers[52],
neurodegenerative disorders[20], and Type 1 Diabetes (T1D)[40]. This makes gangliosides
promising biomarkers for tracking disease progression and candidates for exogenous therapies.
Although gangliosides can be analyzed directly using tandem mass spectrometry for their
ceramides in the positive ion mode and for their glycans in the negative ion mode[17], chemical
derivatization enhances[16] structural identification through improved fragmentation while also
enabling more sophisticated analytical techniques such as stable-isotope labeling.

Highlighted in red in Figure 51, the glycerol arm moiety of sialic acid has long been the
target of derivatization studies of both glycated peptides and gangliosides.[16, 74, 77, 78] Figure
51 illustrates a simplified view of a previously reported[16] chemical derivatization of
gangliosides intended for multiplexed analysis with the isobaric tag aminoxyTMT from Thermo
Fisher Scientific.

Figure 51. Fundamental Progression of Glycan Isobaric Tagging with AminoxyTMT.
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This method depends on formation of an aldehyde intermediate through oxidation by
periodate. The hydroxylamine functional group terminus of the aminoxyTMT reagent is
selective for ketones and aldehydes. With this aldehyde being the only target on the ganglioside,
the second reaction can proceed to completion using remarkably few equivalents of the tagging
reagent. However, diol cleavage by periodate produces small carbonyl byproducts, such as
formaldehyde and formic acid. These additional carbonyls would react with aminoxyTMT and
were eliminated in the original method by SPE desalting, which also removed unquenched
periodate. While effective, SPE introduces variability and reduces total method sensitivity.
Additionally, the aldehyde intermediate was part of a more complex equilibrium, see Figure 52.

Figure 52. Aldehyde Intermediate Instability. Ref.[16]
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The glycerol arm can be oxidized to either the C7 or C8 aldehyde, which would lead to
two different tagging products in the second reaction. Under continued oxidation conditions, the
C8 aldehyde can be further oxidized to the C7 aldehyde, as was reported in optimized conditions.
These aldehydes also exist in equilibrium with geminal diols, which are not hydroxylamine
reactive. On repetition with a diverse set of ganglioside standards, we found that different

glycans have different ratios of these two products under the same reaction conditions, and we
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feared that the same glycan might even have different product ratios depending on biological
matrix factors. With the aldehyde intermediate concerns in mind and a desire to eliminate the
SPE desalting step, we critically examined each step of the original procedure and found
solutions to both problems, then applying the updated methodology to biological samples.
Materials and Methods

Materials

Sodium (meta)periodate (SKU S1818), glycerol (SKU G5516), and sodium acetate (SKU
S2889) was purchased from Sigma-Aldrich. The aminoxyTMTsixplex isobaric tagging reagents
were purchased from Thermo Fisher Scientific (catalog number 90401) along with all other
reagents and solvents.
Mouse Brain Dissection and Homogenization

One normal mouse brain, previously stored at -80 °C was dissected on ice following
guidance available online from Neurogenetics at UT Health Science Center

(https://www.mbl.org/anatomy_images/fixed/mba.html) into regional samples and massed by

difference in bead beating homogenization tubes. The regions used in this study and their
masses are in Table 13.

Table 13. Mouse Brain Fraction Masses.

Brain Fraction Mass (mg)
Cerebellum 62.53
Pons, medulla 53.31
Right midbrain 27.33

Right posterior cortex  38.05
5 mM ammonium formate was added to each sample to reach 0.05 mg tissue per uL.

Homogenization was conducted by a Bertin Precellys bead beating homogenizer at 8000 rpm
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with four 30 sec cycles with 30 sec breaks between. Homogenates were immediately subjected
to ganglioside extraction.
Ganglioside Extraction

To extract gangliosides from the homogenate, the Folch method was used with minor
modifications as follows. For each sample, 40 uL aqueous homogenate representing 2 mg tissue
was aliquoted into 160 uL 1:2 TCM:MeOH. The resulting mixture was briefly vortexed and
then sonicated 5 min followed by 600 g centrifugation for 15 min. The single-phase supernatant
was transferred to a new vial. 33 uL water was added to achieve phase separation. The mixture
was vortexed briefly, sonicated 5 min, and centrifuged at 16,000 g for 10 min at 4 °C. The upper
aqueous phase was collected and dried. The dry ganglioside extracts were stored at -80 °C.
Ganglioside Derivatization

Ganglioside extracts were reconstituted in 200 uL cold 200 MM pH = 5.5 HOAc/NaOAc
buffer with 1 mM NalO4. While working with standards, we found that increasing the buffer
concentration from the original 100 mM to 200 mM improved aldehyde intermediate ratios.
Experiments with changing the buffer salts, periodate concentration, and pH did not produce
useful results. Samples were then incubated for 5.5 hr at 1 °C in the dark at 600 rpm. While
longer incubation times eventually lead to oxidation of glycan sugar rings, we found that
extending the original incubation time from 1 hr to 5.5 hr dealt with most C8 aldehyde
intermediates without appreciable losses to ring oxidation. Among the standards, there were still
some that produced C8 aldehydes, mostly smaller glycan species such as GM3 and GM4. The
reaction was quenched with 60 uL 10.0 mM glycerol. This is 3 eq glycerol per NalO4, which we
found sufficient to fully quench the excess periodate and eliminate that particular need for SPE

desalting. The mixtures were further incubated a minimum of 2 hr to fully quench.
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Next, the samples were dried thoroughly, which we found eliminates the small molecule
carbonyl byproducts completely, such that the later tagging reaction is not impeded. This
otherwise achieves the second goal of SPE desalting. Samples were then reconstituted with 200
uL 50/50/0.1 MeOH/H2O/HOACc with 0.1 mg aminoxyTMT. The original solvent composition
was 95/5/0.1 MeOH/H2O/HOAC for two reasons: (1) to help prevent hydrolysis of the oxime
bond formed and (2) to make easier subsequent drying steps. While subsequent drying steps
were certainly slower with higher water content, oximes hydrolyze very slowly and appreciable
losses were not observed between methodologies. This higher water content was necessary to
carry forward the salt from previous steps without SPE desalting. After reconstitution, samples
were allowed 10 min to react at room temperature with periodic vortexing. To encourage full
tagging with low tagging reagent equivalence, samples were then subject to two cycles of
complete drying and reconstitution. After the second reconstitution, 100 uL 10% acetone in the
same 50/50/0.1 MeOH/H>O/HOAC buffer was added to quench excess tagging reagent. Samples

were then dried and reconstituted in mobile phase solvent for multiplexing.
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Multiplexing Strategy

Figure 53. Members of the Aminoxy TMTsixplex with Reporter lons.
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Figure 53 illustrates the six isobaric reagents of the aminoxyTMTsixplex. The red stars
indicate heavy atom (**N and *3C) positions. In isobaric analysis, each sample is tagged with one
of the reagents and then multiplexed for simultaneous LC-MS/MS injection. The reporter ions in
the MS2 spectrum indicate each sample’s contribution to a given LC-MS peak.

Isobaric tagging reagents are precious, so creative multiplexing is essential. We ran three
samples of each region with Vials 1, 2, and 3 in Table 14 representing the primary, multiplexed
samples. We were also able to run one QC vial for each region, Vials 4 through 7, wherein the
reporter ions should be of approximately equal intensity. There was an error in preparing Cortex
N=2 such that its derivatized ganglioside content is much lower than can reasonably be expected.
As a consequence, Vial 2 (N=2 multiplex) has 36 species that pass the Iglewicz and Hoaglin
outlier test with a Z-score less than - 3.5, and this sample is omitted in subsequent data. There
are such examples from this multiplex as GD1a d36:1, a top 4 cortex high abundance species,

having a cortex contribution of 4.2% instead of mean 58% in the other multiplexes. The error
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most likely occurred in extraction, in which it is necessary to achieve equilibrium between the
aqueous and chloroform layers and then take the aqueous layer without any contamination from
the precipitate layer that forms between them.

Table 14. Multiplexing of Tagged Samples.

Vial TMT126 TMT127  TMT128 TMT129 TMT130 TMT131

1 Cereb. N=1 Pons.N=1 Midb.N=1 Cort. N=1

2 Midb. N=2 Cort. N=2 Cereb. N=2 Pons. N=2
3 Cereb. N=3 Pons. N=3 Midb. N=3  Cort. N=3
4 Cereb. N=1 Cereb. N=3 Cereb. N=2

5 Pons. N=1 Pons. N=3 Pons. N=2
6 Midb. N=2 Midb. N=1 Midb. N=3

7 Cort. N=2 Cort. N=1 Cort. N=3

Tandem Mass Spectrometry Analysis

A Thermo Fisher Scientific Vanquish Horizon UHPLC System coupled with a Thermo
Fisher Scientific Orbitrap Exploris 240 was used to conduct LC-(+)FTMS/MS analysis. A
Phenomenex Kinetex HPLC 1.7 um C18 100A (100 x 2.1 mm) column was used along with the
following mobile phases: (A) 0.1% formic acid and 10 mM ammonium formate in 60/40
ACN/H20 and (B) 0.1% formic acid and 10mM ammonium formate in 88/10/2 IPA/ACN/H-0.
The gradient was 30% B (- 1 min), 30% B (0 min), 99% B (13 min), 99% B (14 min), 30% B
(14.1 min), 30% B (15 min). The column was maintained at 40 °C with flowrate 350 uL/min.
The injection volume was 5.00 pL. lonization for FTMS analysis utilized a HESI source in the
positive mode with spray voltage 3 kV, capillary temperature 350 °C, sheath gas flowrate 20 au,
aux gas flowrate 5 au, and probe heater temperature 400 °C. FTMS/MS scanning had three time-
dependent loops to maximum ganglioside coverage: full MS1 over 680 m/z to 1520 m/z from RT
3 min to 10 min with MS2 scans each cycle of the top 10 2+ ions, full MS1 over 1200 m/z to

1350 m/z from RT 5 min to 7 min with MS2 scans each cycle of the top 5 1+ ions, and full MS1
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over 1300 m/z to 1600 m/z from RT 7 min to RT 10 min with MS2 scans each cycle of the top 5
1+ ions. All MS1 scans had maximum IT 100 ms and mass resolution 120,000. All MS2 scans
had isolation window 1 m/z, stepped normalized HCD collision energies 30 then 35 then 40,
mass resolution 15,000, maximum IT 50 ms, and MS2 spectrum first mass 120 m/z.
MS-DIAL Identification and Isotopic Peak Pairing

MS-DIAL 4.92 for Windows x64 was used in metabolomics mode alongside an in-house
ganglioside derivatization library. MS-DIAL data collection proceeded with MS1 tolerance
0.005 Da and maximum charge number 2. The minimum peak height was set to 10* with mass
slice width 0.05 Da. The peak smoothing method was linear weighted moving average with
smoothing level of 3 scans and minimum peak width of 5 scans. The Sigma window value was
set to 0.1 without exclusion after precursor ions and with isotopic ions w/o MS2Dec preserved.
Automated identification was performed with a MSP library with retention time tolerance 0.3
min, accurate mass tolerance (MS1) 0.005 Da, accurate mass tolerance (MS2) 0.01 Da,
identification score cut off 60%, and retention time used for filtering but not scoring. Peak
alignment in reference to a multiplex sample, retention time tolerance 0.1 min, MS1 tolerance
0.003 Da, and linear extrapolation RT correction by MS-DIAL. Post-processing of MS-DIAL
data used a simple script to organize reporter ion and ceramide data, matching measured MS2
fragment m/z to reporter ion m/z within a 0.005 m/z tolerance. Ceramide analysis matching

utilized the O’ and O’” LCB fragments reported in the literature.[15, 16]
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Essential MS2 lons

Table 15. Ganglioside AminoxyTMT Diagnostic and Quantitative MS2 lons.

TMT Reporter lons

Spingoid LCB lons

Tag m/z m/z
TMTO 126.12783 LCB o) o"
TMT126 126.12783 d16:0 256.26367 238.25311
TMT127 127.12483 d16:1 254.24801 236.23745
TMT128 128.13454 d16:2 252.23235 234.22179
TMT129 129.13154 d18:0 284.29499  266.28443
TMT130 130.14125 di8:1 282.27933  264.26877
TMT131 131.13825 d18:2 280.26367 262.25311
d20:0 312.32631 294.31575
d20:1 310.31065 292.30009
d20:2 308.29499  290.28443
Sialic Acid Species and Intermediate Diagnostic lons
m/z
C7 Aldehyde C8 Aldehyde
Fragment Neu5Ac Neu5Gc Neu5Ac Neu5Gc
SA+TMT  531.29777 547.29267 561.30833 577.30323

Neu5Ac-C7-Derivatized Glycan Diagnostic Fragments

m/z

Class Glycan (B) 2nd Fragment  2nd Mass
GM1la 1218.87839 GalNAc 204.08667
GM2 1056.90389 Y20/B2 693.35057
GM3 853.92629 B1 693.35057
GM4 691.95179 - -

GDla 1748.86351 Y20/B3 693.35057
GD1b 1509.84069 2 Neu5Ac 822.39318
GD2 1347.86619 2 NeubAc 822.39318
GD3 1144.88859 2 Neu5Ac 822.39318
GT1b 2039.82581 2 Neu5Ac 822.39318
GQ1b 2330.78811 2 Neu5Ac 822.39318

Table 15 includes an incomplete but key list of MS2 fragment ions used for quantitation,
reaction monitoring, and species identification. The TMT reporter ions are the essential

fragments used for comparative quantitation. The LCB ions are useful for determining ceramide
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content.[15] The derivatized sialic acid has high intensity characteristic fragments based on the
aldehyde intermediate and based on sialic acid subtype, NeuSAc and Neu5Gc. While many
more glycan fragments exist in this methodology[16], some essential ones are provided. The
intact glycan is sometimes not detectable, especially with the larger species, but it can be
deduced by difference using the typically detectable intact ceramide ion Z0, which can be further
used for specific ceramide species determination with the LCB ions.

In MS-DIAL, identifying ions were matched within a 0.01 Da tolerance while in post
processing for reporter ion and ceramide isomer quantitation, ions were matched within a 0.005
Da tolerance.

Results and Discussion
LC-MS Peaks and Annotations

Table 16 illustrates the major ganglioside LC-MS peaks from the six chromatographic
injections with annotated species name, RT, m/z, adduct type, and MS1 intensity. All are C7
aldehyde oxidized and completely TMTsixplex tagged. All are NeuSAc variants. We expected
to find no or nearly no Neu5Gc species given the animal studied, but the total absence of C8
aldehyde products is surprising. We optimized the method to reduce C8 product but never
eliminated it with standards. It seems the biological matrix took care of this problem for us. We
had hypothesized that the oxidation issue was in part due to the formation of ganglioside
micelles and other hydrophobic structures in the aqueous oxidation buffer. We modeled this in
YASARA[79] and found that gangliosides form a variety of hydrophobic structures in very little
simulation time, some of them completely protecting the glycerol arm moiety, others partly
shielding it such that periodate could only access carbons 8 and 9, leading to C8 aldehyde

formation. These structures form due to favorable ganglioside-ganglioside interactions. In the
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biological matrix, there are far more other molecules to interact with, sufficiently disrupting the
ganglioside-ganglioside interactions.

Table 16. Major LC-MS Peaks with MS2 Acquisition and Confident Identification.

Metabolite RT (min) m/z Adduct MS1 Intensity
Multiplex 1
GDlad34:1 4.68 1144671 [M+2H]2+  1.35E+06
GD1lad36:1 5.39 1158.688 [M+2H]2+  5.37E+07
GD1l1ad38:1 6.01 1172.704 [M+2H]2+  1.38E+07
GD1b d34:1 4.69 1025.074 [M+2H]2+  1.65E+06
GD1b d36:1 541 1039.090 [M+2H]2+  5.33E+07
GD1b d36:2 4.80 1038.080 [M+2H]2+  3.07E+06
GD1b d38:1 6.04 1053.108 [M+2H]2+  1.55E+07
GD1b t38:2 5.29 1060.096 [M+2H]2+  2.55E+06
GD3 d36:1 5.78 856.525 [M+2H]2+  2.26E+07
GD3 d38:1 6.36 870.541 [M+2H]2+  4.42E+06
GD3 d40:1 6.90 884.557 [M+2H]2+  1.17E+06
GD3 d41:1 7.14 891.565 [M+2H]2+  5.28E+05
GMlad34:1 5.03 879.529 [M+2H]2+  6.76E+06
GM1la d36:1 571 893.543 [M+2H]2+  2.08E+08
GM1lad38:1 6.31 907.557 [M+2H]2+  7.34E+07
GMla d42:2 6.82 934.583 [M+2H]2+  3.59E+06
GMlat4l:1 7.32 936.584 [M+2H]2+  1.99E+05
GM2 d36:1 5.87 812.516 [M+2H]2+  6.47E+07
GM2 d36:2 5.29 811.509 [M+2H]2+  3.14E+06
GM2 d38:1 6.44 826.533 [M+2H]2+  2.78E+07
GM3 d36:1 6.04 710.977 [M+2H]2+  1.86E+07
GM3d38:1 6.63 724.992 [M+2H]2+  4.95E+06
GM4 d36:1 5.94 1258.896 [M+H]+ 7.85E+05
GM4 d38:1 6.55 1286.928 [M+H]+ 2.72E+05
GM4 136:1 5.82 1274.892 [M+H]+ 5.73E+05
GQ1b d36:1 4.96 1449.781 [M+2H]2+  5.11E+06
GT1b d34:0 4.61 1291.230 [M+2H]2+  2.18E+05
GT1b d34:1 4.39 1290.220 [M+2H]2+  1.43E+06
GT1b d36:1 511 1304.236 [M+2H]2+  1.53E+08
GT1b d36:2 4.52 1303.225 [M+2H]2+  2.60E+06
GT1b d38:1 5.77 1318.249 [M+2H]2+  5.42E+07
Multiplex 3
GDlad34:1 4.66 1144.675 [M+2H]2+  1.17E+06
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GDlad36:1 5.43 1158.687 [M+2H]2+  2.38E+07
GD1l1ad38:1 6.03 1172.703 [M+2H]2+  1.55E+07
GD1b d34:1 4.67 1025.073 [M+2H]2+ 8.43E+05
GD1b d36:1 5.43 1039.089 [M+2H]2+  2.42E+07
GD1b d36:2 4.80 1038.085 [M+2H]2+  2.00E+06
GD1b d38:1 6.01 1053.108 [M+2H]2+  1.17E+07
GD3 d36:1 5.78 856.526 [M+2H]2+  1.11E+07
GD3 d38:1 6.38 870.545 [M+2H]2+  9.98E+05
GD3 d40:1 6.87 884.556 [M+2H]2+  7.93E+05
GD3 d41:1 7.11 891.566 [M+2H]2+  5.12E+05
GM1lad34:1 5.02 879.528 [M+2H]2+  6.60E+06
GM1la d36:1 5.68 893.541 [M+2H]2+  1.29E+08
GM1lad38:1 6.30 907.557 [M+2H]2+  7.64E+07
GM1la d42:2 6.79 934.582 [M+2H]2+  1.98E+06
GM2 d36:1 5.83 812.515 [M+2H]2+  2.09E+07
GM2 d36:2 5.27 811.510 [M+2H]2+  2.23E+06
GM2 d38:1 6.43 826.532 [M+2H]2+  1.09E+07
GM3 d36:1 6.03 710.979 [M+2H]2+  1.09E+07
GM3 d38:1 6.62 724.994 [M+2H]2+  3.09E+06
GM3 d38:1 6.62 725.000 [M+2H]2+  1.43E+06
GM4 d38:1 6.50 1286.928 [M+H]+ 9.82E+04
GM4 136:1 5.82 1274.892 [M+H]+ 2.51E+05
GQ1b d34:1 4.23 1435.766 [M+2H]2+  4.77E+04
GQ1b d36:1 4,94 1449.785 [M+2H]2+  9.44E+06
GQ1b d38:1 5.66 1463.798 [M+2H]2+  9.47E+05
GT1b d34:0 4.59 1291.229 [M+2H]2+  2.10E+05
GT1b d34:1 4.38 1290.218 [M+2H]2+  1.68E+06
GT1b d36:1 5.12 1304.235 [M+2H]2+  1.10E+08
GT1b d36:2 4.54 1303.230 [M+2H]2+  2.40E+06
GT1b d38:1 5.78 1318.251 [M+2H]2+  2.53E+07
Cerebellum QC
GD1lad34:1 4.67 1144670 [M+2H]2+  1.63E+06
GD1lad36:1 5.38 1158.687 [M+2H]2+  2.22E+07
GD1ad38:1 5.99 1172.702 [M+2H]2+  1.25E+07
GD1b d34:1 4.68 1025.073 [M+2H]2+  1.76E+06
GD1b d36:1 5.40 1039.088 [M+2H]2+  4.24E+07
GD1b d36:2 4.81 1038.084 [M+2H]2+  1.38E+06
GD1b d38:1 6.04 1053.106 [M+2H]2+  6.88E+06
GD1b t38:2 5.31 1060.095 [M+2H]2+  1.07E+06
GD2 d36:1 5.50 958.065 [M+2H]2+  6.44E+06
GD3 d36:1 5.77 856.524 [M+2H]2+  2.96E+07
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GD3 d38:1 6.36 870.540 [M+2H]2+  3.10E+06
GD3 d42:2 6.84 897.563 [M+2H]2+  2.88E+06
GD339:2 5.70 884.539 [M+2H]2+  2.03E+07
GMlad34:1 5.02 879.528 [M+2H]2+  7.22E+06
GM1la d36:1 5.70 893.541 [M+2H]2+  1.43E+08
GM1la d36:2 5.14 892.536 [M+2H]2+  4.60E+06
GM1lad3s:1 6.31 907.560 [M+2H]2+  3.91E+07
GM1la d42:2 6.79 934.583 [M+2H]2+  1.98E+06
GM2 d36:1 5.86 812.515 [M+2H]2+  5.09E+07
GM2 d38:1 6.44 826.532 [M+2H]2+  9.56E+06
GM3 d36:1 6.04 710.975 [M+2H]2+  3.32E+07
GM3 d38:1 6.62 724.993 [M+2H]2+  3.77E+06
GM3 d42:2 7.07 752.017 [M+2H]2+  3.85E+06
GM4 d36:1 5.94 1258.895 [M+H]+ 8.07E+05
GM4 d38:1 6.52 1286.923 [M+H]+ 3.51E+05
GM4 136:1 5.82 1274.891 [M+H]+ 4.59E+05
GQ1b d34:1 4.23 1435.767 [M+2H]2+  2.56E+05
GQ1b d36:1 4.96 1449.779 [M+2H]2+  5.23E+06
GQ1b t38:2 4.75 1470.788 [M+2H]2+  5.16E+05
GT1b d34:0 4.64 1291.228 [M+2H]2+  5.96E+05
GT1b d34:1 4.38 1290.219 [M+2H]2+  3.77E+06
GT1b d36:1 5.10 1304.234 [M+2H]2+  1.00E+08
GT1b d36:2 451 1303.230 [M+2H]2+  1.23E+06
GT1b d38:1 5.75 1318.248 [M+2H]2+  4.01E+07
GT1b d40:1 6.33 1332.265 [M+2H]2+  2.01E+06
GT1b t35:0 5.33 1306.244 [M+2H]2+  5.25E+06
Pons, Medulla QC
GD1lad36:1 5.33 1158.687 [M+2H]2+  2.47E+06
GD1ad38:1 5.98 1172.703 [M+2H]2+  1.33E+06
GD1b d34:1 4.67 1025.075 [M+2H]2+  2.65E+05
GD1b d36:1 5.39 1039.088 [M+2H]2+  3.10E+07
GD1b d36:2 4.79 1038.081 [M+2H]2+  4.36E+05
GD1b d38:1 5.98 1053.105 [M+2H]2+  1.71E+07
GD1b d40:1 6.55 1067.126 [M+2H]2+  3.43E+05
GD1b d42:2 6.53 1080.133 [M+2H]2+  1.31E+05
GD1b t38:2 5.28 1060.094 [M+2H]2+  1.99E+05
GD2 d36:1 5.47 958.064 [M+2H]2+  2.57E+06
GD2 d38:1 6.09 972.082 [M+2H]2+  1.56E+06
GD3 d36:1 5.77 856.524 [M+2H]2+  4.59E+06
GD3 d38:1 6.33 870.540 [M+2H]2+  1.56E+06
GD3 d40:1 6.86 884.556 [M+2H]2+  1.51E+05
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GD3d41:1 7.10 891564  [M+2H]2+  1.14E+05
GD3 d42:2 6.83 897.566 [M+2H]2+  3.38E+05
GD3139:2 5.68 884.539 [M+2H]2+  1.21E+07
GM1la d36:1 5.68 893.541 [M+2H]2+  9.79E+07
GM1la d36:2 5.13 892.536 [M+2H]2+  3.13E+06
GM1la d38:1 6.28 907.560 [M+2H]2+  2.50E+07
GM1a d40:1 6.80 921.575 [M+2H]2+  4.81E+05
GM1la d42:2 6.78 934.582 [M+2H]2+  5.35E+05
GM2 d36:1 5.82 812.518 [M+2H]2+  1.27E+07
GM2 d38:1 6.42 826.532 [M+2H]2+  4.58E+06
GM2 d40:1 6.91 840.550 [M+2H]2+  1.38E+05
GM2 d42:2 6.89 853.555 [M+2H]2+  7.43E+04
GM3 d38:1 6.58 724.993 [M+2H]2+  2.49E+05
GM4 d36:1 5.92 1258.894 [M+H]+ 8.40E+04
GM4 d40:1 7.02 1314.958 [M+H]+ 5.88E+04
GM4 t36:1 5.81 1274.889 [M+H]+ 6.28E+04
GQ1b d36:1 4.95 1449.786 [M+2H]2+  3.64E+06
GQ1b d38:1 5.60 1463.796 [M+2H]2+  1.68E+06
GQ1b t38:2 4.74 1470.792 [M+2H]2+  7.49E+04
GT1b d34:1 4.36 1290.224 [M+2H]2+  1.10E+05
GT1b d36:0 5.30 1305.237 [M+2H]2+  3.02E+06
GT1b d36:1 5.09 1304.234 [M+2H]2+  3.31E+07
GT1b d36:2 4.48 1303.229 [M+2H]2+  1.92E+05
GT1b d38:1 5.74 1318.248 [M+2H]2+  2.04E+07
GT1b d38:2 5.17 1317.237 [M+2H]2+  2.31E+05
GT1b d40:1 6.31 1332.270 [M+2H]2+  8.22E+05
GT1b t37:0 5.93 1320.261 [M+2H]2+  1.20E+06
GT1b t38:0 5.76 1327.257 [M+2H]2+  2.02E+05
Midbrain QC
GDlad34:1 4.67 1144.675 [M+2H]2+  1.28E+06
GD1a d36:1 5.38 1158.687 [M+2H]2+  9.86E+07
GD1a d38:1 5.98 1172.703 [M+2H]2+  1.53E+07
GD1a d40:1 6.52 1186.717 [M+2H]2+  1.13E+06
GD1b d34:1 4.67 1025.077 [M+2H]2+  2.12E+06
GD1b d36:1 5.38 1039.093 [M+2H]2+  1.08E+08
GD1b d36:2 4.79 1038.083 [M+2H]2+  5.29E+06
GD1b d38:1 6.02 1053.105 [M+2H]2+  2.87E+07
GD1b d40:1 6.58 1067.121 [M+2H]2+  1.66E+06
GD1b d42:2 6.52 1080.128 [M+2H]2+  6.67E+05
GD1b t38:2 531 1060.094 [M+2H]2+  2.02E+06
GD2 d36:1 5.48 958.063 [M+2H]2+  1.11E+07
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GD2 d38:1 6.07 972.082 [M+2H]2+  3.80E+06
GD3 d36:1 5.77 856.524 [M+2H]2+  1.60E+07
GD3 d38:1 6.34 870.540 [M+2H]2+  4.42E+06
GD3 d40:1 6.85 884.555 [M+2H]2+  7.64E+05
GD3 d41:1 7.08 891.564 [M+2H]2+  8.47E+05
GD3 d42:2 6.82 897.566 [M+2H]2+  1.71E+06
GD3139:2 5.70 884.539 [M+2H]2+  3.37E+07
GMlad34:1 5.00 879.528 [M+2H]2+  6.40E+06
GMla d36:1 5.70 893.545 [M+2H]2+  2.44E+08
GM1la d36:2 5.12 892.535 [M+2H]2+  1.83E+07
GM1lad38:1 6.27 907.559 [M+2H]2+  8.95E+07
GM1la d39:1 6.55 914.566 [M+2H]2+  1.22E+06
GM1la d40:1 6.79 921.575 [M+2H]2+  2.91E+06
GMla d42:2 6.77 934.582 [M+2H]2+  3.56E+06
GMla d43:2 7.00 941.593 [M+2H]2+  2.41E+05
GM2 d36:1 5.83 812.517 [M+2H]2+  7.82E+07
GM2 d36:2 5.28 811.510 [M+2H]2+  3.64E+06
GM2 d38:1 6.42 826.532 [M+2H]2+  2.23E+07
GM3 d36:1 6.02 710.978 [M+2H]2+  2.43E+07
GM3d38:1 6.61 724.993 [M+2H]2+  3.36E+06
GM3 d40:1 7.08 739.001 [M+2H]2+  6.73E+05
GM3 d42:2 7.06 752.016 [M+2H]2+  2.76E+06
GM4 d36:1 5.93 1258.894 [M+H]+ 5.57E+05
GM4 d38:1 6.50 1286.926 [M+H]+ 1.65E+05
GM4 d40:1 7.02 1314.957 [M+H]+ 4.98E+05
GM4 136:1 5.82 1274.890 [M+H]+ 5.29E+05
GM4 t47:5 7.93 1420.999 [M+H]+ 6.74E+04
GQ1b d34:1 4.20 1435.773 [M+2H]2+  7.44E+04
GQ1b d36:1 4.96 1449.786 [M+2H]2+  1.69E+07
GQ1b d36:2 4.34 1448.775 [M+2H]2+  2.61E+05
GQ1b d38:1 5.60 1463.795 [M+2H]2+  3.77E+06
GQ1b t38:2 4.73 1470.787 [M+2H]2+  4.78E+05
GT1b d34:1 4.35 1290.224 [M+2H]2+  1.28E+06
GT1b d36:1 5.09 1304.233 [M+2H]2+  1.78E+08
GT1b d36:2 4.48 1303.230 [M+2H]2+  4.36E+06
GT1b d38:1 5.73 1318.248 [M+2H]2+  6.64E+07
GT1b d40:1 6.32 1332.270 [M+2H]2+  4.91E+06
GT1lb d41:1 6.58 1339.275 [M+2H]2+  1.81E+06
Cortex QC
GDlad34:1 4.64 1144.674 [M+2H]2+  2.67E+06
GD1lad36:1 5.35 1158.686 [M+2H]2+  1.28E+08
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GD1a d38:1
GD1a d40:1
GD1at37:1
GD1b d34:1
GD1b d36:1
GD1b d36:2
GD1b d38:1
GD1b d40:1
GD1b t38:2
GD3 d36:1
GD3 d38:1
GD3 d40:1
GD3 d41:1
GD3 d42:2
GD3 t39:2
GM1a d34:1
GM1a d36:1
GM1a d36:2
GM1a d38:1
GM1a d40:1
GM1a d42:2
GM2 d36:1
GM2 d36:2
GM2 d38:1
GM3 d36:1
GM3 d38:1
GM3 d40:1
GM3 d42:2
GQ1b d34:1
GQ1b d36:1
GT1b d34:1
GT1b d36:1
GT1b d36:2
GT1b d38:1
GT1b d40:1
GT1b d41:1
GT1b t35:0
GT1b t35:2

5.96
6.51
5.38
4.67
5.38
4.78
5.99
6.54
5.30
5.78
6.35
6.86
7.08
6.83
5.69
5.00
5.69
5.12
6.28
6.81
6.78
5.84
5.28
6.40
6.04
6.59
7.08
7.06
4.20
4,94
4.34
5.08
4.48
5.73
6.30
6.59
5.30
3.59

1172.702
1186.722
1173.691
1025.077
1039.088
1038.083
1053.105
1067.121
1060.094
856.523
870.539
884.555
891.564
897.562
884.539
879.527
893.544
892.536
907.559
921.575
934.582
812.518
811.510
826.531
710.978
724.993
739.010
752.016
1435.772
1449.786
1290.224
1304.233
1303.229
1318.248
1332.270
1339.276
1306.243
1304.219

[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+
[M+2H]2+

100

3.44E+07
1.86E+06
2.91E+07
2.91E+06
9.55E+07
8.91E+06
3.40E+07
1.71E+06
2.69E+06
1.97E+07
6.92E+06
1.70E+06
8.70E+05
1.90E+06
3.11E+07
8.50E+06
2.25E+08
2.14E+07
6.91E+07
2.36E+06
2.77TE+06
5.80E+07
3.66E+06
1.52E+07
1.45E+07
5.70E+06
2.53E+06
3.16E+06
7.21E+04
8.99E+06
2.63E+06
2.41E+08
8.77E+06
5.97E+07
4.60E+06
1.41E+06
6.04E+06
4.72E+04



QC Reporter lons

Table 17. Weighted Reporter lon Relative Intensities in the Brain Region QCs.

QC TMT126 TMT128 TMT130 TMT127 TMT129 TMT131
Cerebellum 50.8% 49.2%

Midbrain 50.1% 49.9%

Pons, medulla 48.2% 51.8%

Cortex 48.3% 51.7%

Table 17 summarizes the most critical result of QC tandem mass spectrometry. The
reporter ion relative intensity for each sample from the same region should be approximately
equal, 50% for two samples, and these results are reasonably close. We expect that tighter error
bars can be achieved through further physical optimization of the workflow.

GD1a Species Across and Ceramide Distribution Within Brain Regions

Table 18. GD1a Relative Quantification Across Brain Regions and Ceramides in Regions.

Major LCMS Peak Weighted Relative Quantifications
Ceramide Isomers Detected, Identified Not Detected
Gangliosides Cerebellum Pons, Medulla Midbrain  Cortex
GD1lad34:1 23+2 2.7+1.2 23.9+09 50+3
GD1a d18:1/16:0
GD1lad36:1 8.1+£0.3 34+14 31+3 58 + 4
GD1a d18:1/18:0
GD1l1ad38:1 20+ 3 9+3 247+11 467
GD1a d18:1/20:0 18.0
GD1a d20:1/18:0 82.0
GD1lad40:1
GD1a d18:1/22:0 59.8
GD1a d20:1/20:0 40.2
GD1at37:1

GD1a d18:1/m19:0

Table 18 summarizes the results of GD1a analysis, one of ten ganglioside classes

characterized. In the left-most column, in darker blue, are the major LC-MS peaks. In lighter
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blue are the specific ceramide configurations detected within the peaks. On the right side are
four columns, one for each brain region, where green indicates that this species was detected and
confirmed through confident MS2 identification and red that it was not detected with confident
MS?2 identification. Boxed values indicate the local basis for relative quantification; each set of
boxed values adds up to 100. Vertical boxes are tentative ceramide isomer quantifications within
a QC. Horizontal boxes are the primary result of the analysis, relative quantification across brain
regions with 95% confidence intervals. While ceramide isomer quantifications are not listed
with confidence intervals, these values are inherently more confident due to the absence of
mixing different sample types. The 9 tables to follow have the same information scheme.

The GD1a data is typical for analysis of gangliosides in the brain. There is both greater
quantity and diversity of GD1a in the cortex, followed by the midbrain, and then the typically
lower concentration and diversity regions, the cerebellum, pons, and medulla. There are
perplexing trends in the ceramide content that would need a deeper metabolism study to explain,
such as that within the cortex, LCB d20:1 is apparently more abundant than LCB d18:1 when
paired with FA 18:0 but not when paired with FA 20:0. There is one exotic species in the set,
GD1at37:1, only identified in the cortex region, with a FA 19:0 X-OH. Care must be taken in
designing automated protocols for making such identifications, as the mass difference caused by
a fatty acid hydroxyl is identical to the mass difference caused by 1 Neu5Gc residue, both 1

oxygen. The absence of characteristic Neu5Gc MS2 ions allows for this identification.
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GD1b Species Across and Ceramide Distribution Within Brain Regions

Table 19. GD1b Relative Quantification Across Brain Regions and Ceramides in Regions

Major LCMS Peak Weighted Relative Quantifications
Ceramide Isomers Detected, Identified Not Detected
Gangliosides Cerebellum Pons, Medulla Midbrain Cortex
GD1b d34:1 259 4+13 37+ 10 34+11
GD1b d18:1/16:0
GD1b d36:1 13.9+0.6 10.71 £ 0.09 39+11 37+12
GD1b d18:1/18:0
GD1b d36:2 8.48 £ 0.10 6+4 40.4+0.9 45+ 4
GD1b d18:2/18:0
GD1b d38:1 13.1+0.7 17 £ 10 41+12 292
GD1b d18:1/20:0 20.1 14.3 19.7 14.6
GD1b d20:1/18:0 79.9 85.7 80.3 85.4
GD1b d40:1
GD1b d18:1/22:0 35.2 46.6 43.9
GD1b d20:1/20:0 64.8 534 56.1
GD1b d42:2
GD1b d18:1/24:1
GD1b t38:2 16* 10* 25* 49*

GD1b d18:1/m20:0

Next is GD1b. The ability to resolve the GD1a and GD1b glycan isomers is a strength of

the underlying method in which GD1a and GD1b lead to different products.[16] The asterisked

values on the GD1b t38:2 row indicate that this ganglioside was only MS2 scanned in one

multiplex, being of very low abundance. Different ceramide distribution between regions is an

interesting outcome. Some studies have suggested that the d18:1-d20:1 LCB paradigm between

tissues indicates cell age and degree of differentiation.[33]
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GD2 Species Across and Ceramide Distribution Within Brain Regions

Table 20. GD2 Relative Quantification Across Brain Regions and Ceramides in Regions.

Major LCMS Peak Weighted Relative Quantifications
Ceramide Isomers Detected, Identified Not Detected
Gangliosides Cerebellum Pons, Medulla Midbrain  Cortex

GD2 d36:1

GD2 d18:1/18:0
GD2 d38:1

GD2 d18:1/20:0 17.4 22.4

GD2 d20:1/18:0 82.6 77.6

While still one of the top 10 glycans, GD2 is very low abundance in mammalian brains,
its increase often associated with cancer pathenogenesis.[80, 81] As this was a normal mouse

brain, relatively low abundance of GD2 is expected.
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GD3 Species Across and Ceramide Distribution Within Brain Regions

Table 21. GD3 Relative Quantification Across Brain Regions and Ceramides in Regions.

Major LCMS Peak Weighted Relative Quantifications
Ceramide Isomers Detected, Identified Not Detected
Gangliosides Cerebellum Pons, Medulla Midbrain Cortex
GD3 d36:1 372 14 £2 24 +3 25+7
GD3 d18:0/18:1 0.6
GD3 d18:1/18:0 99.4
GD3 d38:1 28+ 12 15.3+0.2 24 + 11 32+22
GD3 d18:1/20:0 45.3 34.2 37.8 43.5
GD3 d20:1/18:0 54.7 65.8 62.2 56.5
GD3 d40:1 374 14 + 8 23+5 26+ 9
GD3 d18:1/22:0 92.4
GD3 d20:1/20:0 7.6
GD3 d41:1 31+4 15+9 29+ 12 25+ 17
GD3 d18:1/23:0
GD3 d42:2
GD3 d18:1/24:1
GD3139:2
GD3 d18:0/m21:2 0.7 0.5 0.8 0.4
GD3 d18:1/m21:1 99.3 99.5 99.2 99.6

While GD2 is so scarce in the mouse brain that it nearly avoided detection, there are far
more GD3 hits. In GD3 are the first examples where the cortex is not the main contributor. The
cortex and midbrain historically have 1 — 3 times more total ganglioside mass, but they of course
will not have more of every individual ganglioside. GD3 is believed to be involved in early
vertebrate tissue development, being more highly expressed in developing embryonic brains. It

would be interesting if the trend seen here related to developmental stages of the vertebrate brain.
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GM1a Species Across and Ceramide Distribution Within Brain Regions

Table 22. GM1a Relative Quantification Across Brain Regions and Ceramides in Regions.

Major LCMS Peak Weighted Relative Quantifications
Ceramide Isomers Detected, Identified Not Detected
Gangliosides Cerebellum Pons, Medulla Midbrain Cortex
GM1la d34:1 158+ 1.0 167 31.2+02 37%6
GM1la d16:1/18:0 6.7 14.2 8.1
GM1la d18:1/16:0 93.3 85.8 91.9
GM1la d36:1 12+2 22+ 7 35+ 3 30+11
GM1la d18:1/18:0
GM1la d36:2
GM1ad18:1/18:1 43.8 8.1 10.4
GM1la d18:2/18:0 56.2 91.9 89.6
GM1lad38:1 152+ 0.5 31.5+£0.3 34+5 20+ 4
GM1la d18:1/20:0 9.8 9.8 15.2
GM1la d20:1/18:0 90.2 90.2 84.8
GM1la d39:1
GM1a di18:1/21:0 88.1
GM1la d20:1/19:0 11.9
GM1la d40:1
GM1la d18:1/22:0 42.8 54.0 62.7
GM1la d20:1/20:0 57.2 46.0 37.3
GM1la d42:2 17+8 32+18 30+3 21+6
GM1la d18:1/24:1
GM1la d43:2
GM1lad18:1/25:1
GM1lat4l:1 16* 31* 24* 30*

For GM1a, there are more ceramide comparisons, in which there is wide variation even

between ganglioside species in the same region, again pointing to different metabolic pathways.
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GM2 Species Across and Ceramide Distribution Within Brain Regions

Table 23. GM2 Relative Quantification Across Brain Regions and Ceramides in Regions.

Major LCMS Peak Weighted Relative Quantifications
Ceramide Isomers Detected, Identified Not Detected
Gangliosides Cerebellum Pons, Medulla Midbrain Cortex
GM2 d36:1 20+ 6 279 314+12 21+2
GM2 d18:0/18:1 0.6
GM2 d18:1/18:0 99.4
GM2 d36:2 9+3 125+1.4 275%0.6 51+4
GM2 d18:1/18:1 16.2 245
GM2 d18:2/18:0 83.8 75.5
GM2 d38:1 20+ 2 377 30.3+1.2 12+4
GM2 d18:1/20:0 9.7 8.9 9.0 13.4
GM2 d20:1/18:0 90.3 91.1 91.0 86.6
GM2 d40:1
GM2 d20:1/20:0
GM2 d42:2

GM2 d18:1/24:1
GMZ2 d38:1 presents one of very few species found at higher concentration in the pons,
medulla fraction. Pons, medulla also appears to have the greater diversity of GM2. However,
this could just be due to other regions not getting affirmative MS2 scans due to overlapping

elution with high abundance species.
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GM3 Species Across and Ceramide Distribution Within Brain Regions

Table 24. GM3 Relative Quantification Across Brain Regions and Ceramides in Regions.

Major LCMS Peak Weighted Relative Quantifications
Ceramide Isomers Detected, Identified Not Detected
Gangliosides Cerebellum Pons, Medulla Midbrain  Cortex
GM3 d36:1 33+3 7507 31+3 29+7
GM3 d18:0/18:1 0.5 0.6 0.7
GM3 d18:1/18:0 99.5 99.4 99.3
GM3 d38:1 37.78 +£0.14 15+5 241+09 23%6
GM3 d18:1/20:0 72.6 46.1 58.5
GM3 d20:1/18:0 27.4 53.9 41.5
GM3 d40:1
GM3 d18:1/22:0
GM3 d42:2

GM3 d18:1/24:1

GM3 presents more cases of higher concentration outside the cortex and midbrain. Once

again, the ratio between d18:1 and d20:1 appears to be tissue specific.
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GM4 Species Across and Ceramide Distribution Within Brain Regions

Table 25. GM4 Relative Quantification Across Brain Regions and Ceramides in Regions.

Major LCMS Peak Weighted Relative Quantifications
Ceramide Isomers Detected, ldentified Not Detected

Gangliosides Cerebellum Pons, Medulla Midbrain  Cortex
GM4 d36:1 23* 41* 23* 12*
GM4 d38:1 35+ 28 20 £ 57 38+ 52 8+ 23
GM4 d40:1
GM4 t36:1 16+4 12+6 27+ 4 45+ 6
GM4 t47:5

GM4 ceramide analysis is a casualty of transitioning from standards to biological

samples. While GM4 2+ ions were appreciable in standards, the biological matrix has promoted

their 1+ ions, which are less descriptive in fragmentation. GM4 is the main reason why the LC-

MS method has multiple scanning loops. They were added to catch these GM4 1+ species.

Though there is capture of isobaric data, the ceramide fragments become unreliable in the 1+

charge state. As in the GM4 standard, GM4 more commonly has a fatty acid hydroxyl, making

GMA4 t36:1 higher abundance and more reliably quantified than GM4 d36:1, which has very

large confidence intervals.
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GQ1b Species Across and Ceramide Distribution Within Brain Regions

Table 26. GQ1b Relative Quantification Across Brain Regions and Ceramides in Regions.

Major LCMS Peak Weighted Relative Quantifications

Ceramide Isomers Detected, Identified Not Detected
Gangliosides Cerebellum Pons, Medulla Midbrain ~ Cortex

GQ1b d34:1 48* 0 24* 28*

GQ1b d36:1 22.6 +0.4 12+ 3 43.4+13 22+4
GQ1b d18:1/18:0

GQ1b d36:2

GQ1b d38:1 21* 21* 42* 16*
GQ1b d20:1/18:0

GQ1b t38:2

GQ1b d18:1/m20:0
GQ1b along with GT1b representation is another strength of the method. While some
methods report only monosialogangliosides[76], and others track disialogangliosides, few can
cover mono-, di, tri-, and tetrasialogangliosides, and these are typically without[17]

derivatization.
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GT1b Species Across and Ceramide Distribution Within Brain Regions

Table 27. GT1b Relative Quantification Across Brain Regions and Ceramides in Regions.

Major LCMS Peak Weighted Relative Quantifications

Ceramide Isomers Detected, Identified Not Detected
Gangliosides Cerebellum Pons, Medulla Midbrain Cortex

GT1b d34:0 65+ 3 0 16+8 19+11

GT1b d34:1 50.1+£0.7 3+3 19+2 28+ 6
GT1b d18:1/16:0

GT1b d36:0
GT1b d18:0/18:0

GT1b d36:1 19.1+£0.4 8+3 34+3 39+7
GT1b d18:1/18:0

GT1b d36:2 9.08 £0.14 3+2 34+2 54 + 4
GT1b d18:2/18:0

GT1b d38:1 22.9+0.3 15.77 £0.10 33+5 285
GT1b d18:1/20:0 20.5 13.8
GT1b d20:1/18:0 79.5 86.2

GT1b d40:1
GT1b d41:1
GT1b t35:0
GT1b d18:0/m17:0
GT1b t35:2
GT1b t37:0
GT1b t38:0

GT1b is surprisingly diverse in the mouse brain. Better ceramide description can be

achieved by performing MS2 of 3+ ions, but we found that there were too many 2+ ions to

reliably get 3+ scans unless yet another scanning loop was added. When rescanning was tried

with a dedicated 3+ fragmentation loop, overall results worsened such that this method version

was not pursued further.
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Conclusions

Isobaric analysis represents an innovative way of dealing with common sources of
variation in the analysis of biological samples while increasing throughput. This derivatization
increases the ionization and fragmentation quality of gangliosides such that detailed annotation is
possible. After refining the original isobaric analysis method, we applied it to biological samples
and found 60 major LC-MS peaks containing a total of 79 ganglioside molecular species while
performing relative quantification between brain regions and of ceramide content distribution.
These modes of quantification are of potential use for biological study and comparative
metabolomics. Considering the relatively short gradient time and small sample mass, 60 peaks is
a testament to the capabilities of high-performance LC-MS instrumentation. Greater ganglioside
coverage could be achieved through larger sample mass or through longer gradient time. While
there is still room for improvement, this work will inform future study of gangliosides in mice

models.
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CHAPTER VI: PERSPECTIVES

The first challenge encountered in high sample count ganglioside analysis is the labor
cost of identification. Confident and descriptive identification requires scrutiny of the MS2
spectrum with care given to specific ions as well as their intensities. In the absence of curated
libraries and automated annotation, this challenge leads to limited ganglioside coverage or low
throughput. We decided to allocate significant research and development time to the task of
writing ganglioside library generating software to later increase throughput and coverage. We
were not sure if that decision would pay off, and it was a significant risk with the reduction in
time for method development. However, even the early prototypes of the software expedited
method development through assistance with reaction monitoring.

With the library, we were able to fully explore stable-isotope strategies. Isotopic labeling
has a quantitative obstacle in isotopic overlap. Heavy tags with greater shifts, such as
cholamine-d9 (M+9) can address this problem. We attempted to synthesize and use this heavier
tag but struggled to get high purity for reliable 1:1 reactivity vs the light tag. MS-DIAL was able
to handle this isotopic shift and correctly paired the peaks, suggesting this is a viable solution
with a high purity reagent. Simultaneously exploring a more generalized solution, we developed
PPP for all metabolomics isotopic labeling with its algorithmic correction of isotopic overlap.

Following the difficulties in applying cholamine to biological samples, we switched to
the isobaric approach. These methodologies were both pursued throughout the thesis work, each
with its own strengths and weaknesses. The isobaric method worked much better with the
biological samples prepared, even better than it had performed with the standards. Future work
should further explore this derivatization, possibly generating comprehensive ganglioside

standards for absolute quantification through oxidative clipping of the glycerol arm.
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