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CHAPTER 1

INTRODUCTION TO ION MOBILITY — MASS SPECTROMETRY TO ANALYZE

BIOLOGICAL MATERIAL

1.1 Origins of Biomolecular Analysis by Ion Mobility-Mass Spectrometry

Ion mobility-mass spectrometry (IM-MS) is an integrated chemical separation technique
which combines complementary size- and mass-selective separations into a single analytical
platform. IM-MS can separate individual chemical compounds on the millisecond time scale; as
such is considered a high-throughput technique. IM-MS is currently used in numerous chemical
analysis applications including those of biological origin. Historically, IM traces its roots back to
experiments by Rutherford and Thomson in the late 1890s (1), and was further improved by
Tyndall in the 1920s using pure drift gases (2-3), before being paired with mass spectrometry in
the 1960s (4) (Figure 1.1) (5). Electrospray ionization (ESI) and laser ionization were first used
with IM in 1968 (6,7) and 1982 (8), respectively, with Bowers demonstrating matrix assisted laser
desorption/ionization (MALDI) with IM-MS in the mid-1990s.(9) In the late 1990s onward, both
MALDI and ESI ionization techniques were utilized with custom and home-built IM-MS
instruments by several laboratories, establishing IM-MS as highly-sensitive technique for
biomolecular analysis.(10,11,12,13,14) These soft ionization techniques readily paired with IM-
MS and enabled the analysis of large, intact molecules.(15) The application of IM-MS to
biomolecules growth is illustrated in the timeline in Figure 1.2.(16) In 2006, a commercially
available ion mobility-mass spectrometer well suited for biomolecular analysis was developed by

Waters Corporation, named the Synapt HDMS (“High Definition” MS), which combined the soft



Historical Developments in lon Mobility (IM) Technologies

lon Mobility
= |on Mobility-Mass Spectrometry
mmm Temporally-Dispersive IM-MS
mmm Spatially-Dispersive IM-MS

300 150 0

Publications

1896 Thomson and Rutherford construct apparatus to study the mobility of
ions in various gases

1898 Zeleny constructs an IM spectrometer based on ions drifting against
a counterflowing gas stream

1911 Millikan develops apparatus for measuring the size-to-charge ratio of
oil droplets

1928 Tyndall constructs a precision ion mobility drift tube spectrometer
using a dual ion gate design

1930 Tyndall improves mobility measurements by using pure drift gases
1961 McDaniel couples ion mobility to a magnetic sector MS (IM-MS)

1963 McAfee and Edelson interface a drift tube orthogonally to a time-of-
flight mass spectrometer (IM-oTOF)

1964 Hasted and coworkers develop mass-selected ion mobility-mass
spectrometry (MS-IM-MS)

1968 Dole develops ESI with ion mobility measurements

1970 first commercial ion mobility spectrometer (Plasma Chromatograph)
1975 first commercial DMA (Thermo-Systems)

1982 Lubman couples laser ionization with ion mobility

1982 Hill develops gas chromatography coupled to ion mobility
1989 Blanchard describes tandem IM strategies (IM/IM)

1990 introduction of FAIMS and DMS

1990 commercial portable IM spectrometers (several vendors)
1995 Bowers develops MALDI-IM-MS and variable-temperature IM
1996 Jarrold constructs a high resolution drift tube IM spectrometer
1998 Smith develops the electrodynamic ion funnel

2006 commercial traveling-wave IM-MS (W aters)

2011 trapped ion mobility coupled to MS developed (Bruker)

2014 commercial drift tube IM-MS (Agilent)

Figure 1.1 (Left) Histogram of the number of publications published per year
in ion mobility and ion mobility-mass spectrometry. Note that the scale is
truncated at 300 to highlight the number of publications specifically utilizing
IM-MS. Further distinction is made to discriminate the frequency of publication
for both time and space-dispersive IM-MS publications. (Right) Historical
milestones in the development of ion mobility and IM-MS instrumentation.
(Figure and legend from May, et. al.) (5)



Atomics ® @ ® ®
Small Molecules ! ‘9
Inorganic Compounds [} ®
Nucleotides
Carbohydrates
Peptides & Proteins

Lipids

1975 1980 1985 1990 1995 2000 2005 2010 2015
Publication Year
Figure 1.2 Bubble plot reporting the number of CCS values reported over time
for the top 7 chemical classes (each uniquely colored) represented. The size of
each bubble encodes the relative number of CCS values for each respective year.
(Figure and legend from May, et. al.) (12)



ionization of ESI and liquid chromatography-ESI with the rapid separation of traveling wave-
based IM technology and time-of-flight MS. The traveling wave IM technique was improved
significantly in 2011 and the platform subsequently supported other optional analytical capabilities
including MALDI and MS imaging, as well as integration with a variety of other ion sources and
accessories (17,18,19). This first commercial offering enabled a larger scientific community access
to IM-MS which otherwise was only available to researchers with the capability to build their own
instruments. Subsequently, other vendors entered the market with their own commercial IM-MS
offerings, including Agilent Technologies in 2014 (drift tube IM) (20) and Bruker Corporation in
2016 (trapped IM) (21). With the availability of versatile commercial instrumentation,
biomolecular analysis using IM-MS flourished and continues to be a rapidly growing field,

providing fundamental insight into some of our most important biological questions.

1.2 Biomolecular Separation and Analytical Utility of IM-MS

IM-MS has found great utility for biomolecular separation due to its broad sample
compatibility, resolution, and sensitivity. It has been used to separate and analyze a wide range of
masses, from small molecules to large protein complexes (22-29). The analytical importance of
IM is summarized in Table 1.1.(12) IM provides a broad range of analytically valuable
enhancements, including increasing peak capacity when coupled with other separation stages
(chromatography, MS, etc), and enhancing low abundance signals of importance by reducing
interference from chemical noise. In addition, it allows for the structural characterization of
analytes through the measurement of their gas-phase cross-sectional area. In particular, it has been
observed that biomolecular classes maintain different molecular packing efficiencies in the gas

phase, which results in class-specific correlations (i.e., “trend lines”) to develop in 2-dimensional



Table 1.1 Three Key Analytical Uses of Ion Mobility (Adapted from May, et. al.(12))

analytical use of ion
mobility

1. chemical separa-
tion

2. analyte identifica-
tion and charac-
terization

3. structural analysis

description

partition signal from chemical noise
and increase peak capacity of the
analysis

use CCS measurement to charac-
terize unknowns by correlation

utilize the experimental CCS to
infer structural information

additional requirements

none

reference values from databases and libraries
incorporating normalized drift times, reduced
mobilities, and/or CCS

computational methods to link theoretical struc-
ture(s) to the experimental CCS

example application areas

detection of illicit compounds (e.g., drugs and explosives)
and screening of exogenous metabolites (e.g., pesticides
and industrial chemicals)

emerging omic and small molecule discovery initiatives

insights into protein complex arrangements and structure



IM-MS spectra (Figure 1.3) (16,30,31). Notably, the canonical biochemical classes (lipids,
peptides, carbohydrates, and nucleotides) align themselves into unique regions of IM-MS
analytical space which reflect their conformational preferences. Within each broad class trend,
subclass trends may also exist. As a prominent example, lipids have a characteristic behavior in
IM-MS indicative of their primary class and structures. (32) Specifically, lipid packing efficiency
is affected by both headgroup identity and modifications within their acyl tail(s), forming differing
trendlines in maps of gas-phase collision cross section (CCS) versus mass. Current research is
considering the effects of degree of unsaturation and carbon chain length on lipid packing
efficiency and trendline behavior in IM.(33,34,35) A novel approach, ozonolysis paired with IM-
MS is now being applied to lipidomics to allow for determination of double bond location in
lipids.(36,37) For broad scale identification of unknowns, empirically-derived databases of mass
and CCS are being assembled for a variety of biomolecular compounds. (12,20,25,38-44) In
addition to specific chemical class information, IM can address the challenge of resolving and
identifying isobaric compounds that are unresolvable by conventional MS. In many cases, isobaric
species including isomers and conformers can be distinguished in the IM dimension due to the
different conformations they adopt in the gas-phase, observed both across and within peptides,
carbohydrates, or lipids classes.(45-50) Collectively, the capability to rapidly resolve biochemicals
based on both structure and m/z has made IM-MS an invaluable analytical tool for biomolecular

analysis.
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Figure 1.3 A cartoon depiction of where singly
charged analytes (e.g., produced by MALDI) of
different molecular classes are observed in IM—
MS conformation space. (Figure and legend from
Fenn, et. al.) (26)



1.3 Instrumentation Considerations
1.3.1 Chromatography

The inclusion of a front end chromatographic separation prior to IM-MS provides added
peak capacity while enhancing the analytical sensitivity of both the IM and MS stages by reducing
ion suppression resulting from the simultaneous infusion of multiple analytes. Liquid
chromatography (LC) is commonly implemented with IM-MS due to its ability to use a wide
variety of flow rates, column choices, and solvents that pair well with ESI ion generation.(51,52)
Since the IM separation occurs post-ionization, all of the LC conditions which work in LC-MS are
also compatible with IM-MS, including both normal and reverse phase LC columns and numerous
solvent systems.(53) Autosampler systems are also commonly utilized with LC to facilitate
automated, high throughput LC-IM-MS workflows.(54) Other chromatographic separation
techniques such gas chromatography (GC) and supercritical fluid chromatography (SFC) have also
been demonstrated with IM-MS (55,56,57), although these are less common due to the more
limited analytical space that these techniques encompass (e.g., volatile and nonpolar analytes,
respectively). Figure 1.4 illustrates the compatibility of timescales for chromatography with IM-
MS.(5) While chromatography operates on a timescale of minutes, the downstream analytical
strategies such as IM and MS operate on the order of milliseconds to microseconds, allowing
further separation of components eluting from the chromatographic dimension without affecting

the overall sample throughput.

1.3.2 Ion Sources
Two of the most common methods for ionization of biomolecules are MALDI and ESI.

These so called “soft” ionization techniques impart minimal energy to molecules during the
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chromatography 20 min (1200 s) 1 chromatogram
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ion mobility '
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Figure 1.4 Nesting of analytical time scales based on speed of separation is
shown for the analytical strategies on the left combined with the total number
of potential spectra obtained through nesting the subsequent analytical
separation dimensions shown to the right. (Figure and legend adapted from
May, et. al.) (5)



ionization process, which helps to maintain the analyte’s structural integrity during transfer to the
gas-phase, which is crucial for the analysis of fragile biomolecules.(9,15) MALDI is performed on
solid samples using a laser to desorb and generate ions and tends to generate low charge states in
a narrow distribution, which simplifies the mass spectra.(58,59) The use of a laser also facilitates
operating MALDI in an imaging mode, allowing spatially-resolved mass information to be
obtained.(60) MALDI-based MS imaging (MSI) has been utilized to determine analyte location in
tissue samples (61), and MSI has also been coupled with IM-MS to provide a highly-dimensional
separation technique that can simultaneously separate analytes based on spatial location, size, and
mass.(62,63) MALDI, however, is not conducive to direct analysis of liquid samples such as the
effluent stream originating from LC, which requires offline sample fraction collection for MALDI
analysis. Liquid sample analysis is, however, readily facilitated by ESI, which generates a
continuous flow of ions from liquid-phase samples. ESI has enabled high-throughput LC-MS
experiments and has been used to combine LC with IM-MS. In contrast to the low charge states
observed in MALDI, ESI typically generates multiply charged ions. Since mass spectrometers
measure ions as a mass-to-charge ratio, higher charge states effectively increase the practical mass
range accessible to a mass spectrometer, facilitating analysis of proteins and other high mass
analytes alongside small molecules in a complex biological sample.(64,65) Multiply charged ions
have also improved detection limits for Fourier transform MS (FTMS) techniques (66,67),
improved the ion fragment yields for traditional collisional activation experiments (collision-
induced dissociation, CID) (68), and have enabled electron-induced fragmentation techniques such
as electron capture dissociation (ECD) and electron transfer dissociation (ECD) to be implemented

(69,70). Specifically, for IM analysis the various charge states generated from ESI are readily
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resolved into distinct trendlines in mobility versus mass space, which facilitates the separation and

identification of multiply charged species.(10)

1.3.3 Time-Dispersive Ion Mobility Techniques

Two ion mobility techniques that are used in commercially, available instruments are drift
tube ion mobility spectrometry (DTIMS) and traveling wave ion mobility spectrometry (TWIMS)
(Figure 1.5) (5). TWIMS was the first IM technique to be used in a commercially available IM-
MS platform. In TWIMS, ion separations result from a series of dynamically-pulsed voltages (an
electrodynamic field) which creates a traveling wave potential that transfers ions through the drift
region in a mobility-selective mode. TWIMS separations are typically faster than DTIMS while
accessing similar resolving powers (71), and because the traveling wave does not require high
voltage operation, TWIMS is easier to implement on existing MS platforms. Although DTIMS
combined with MS was implemented commercially several years after TWIMS, it is an older
technique and considered the standard and most accurate method for CCS determination. Unlike
TWIMS, DTIMS separates ions using a constant voltage gradient (a uniform electric field) which
allows the measured ion drift times to be related directly to CCS via the fundamental ion mobility
equation, commonly referred to as the Mason-Schamp relationship (72,73). On the other hand,
TWIMS-derived CCS values are determined via an empirical calibration relationship between
TWIMS measured drift times and known CCS values obtained from DTIMS (27,32,74). Due to
the fact that TWIMS does not require high voltages to operate, it is readily scalable to longer path
lengths, which fundamentally improves instrument resolution. In contrast, high operational
voltages must be utilized in order to increase the path length in DTIMS. Next generation TWIMS

instruments are taking advantage of this scalability, producing high resolving power platforms

11



Temporally-Dispersive lon Mobility Techniques

A ION SOURCE ION MOBILITY ANALYZER MASS FILTER

MASS ANALYZER
(TIME OF FLIGHT)

” (ESI) (DRIFT TUBE) (QUADRUPOLE)

[T ol —
L AN

Time1 @
Time 2 O
Time 3 o o
Time 4 - o
B ION SOURCE MASS FILTER ION MOBILITY

<~ (ESI) (QUADRUPOLE) ANALYZER
7 (TRAVELING WAVE)

MASS ANALYZER
(TIME OF FLIGHT)

wlm-lllmﬂ— |
&I—ql-.p—q: | l_,'J*

faanpooooooooooooEoomNRRDOOOODDDODOD0O0GD
fannooooooooooooooooRERRDOOOOOODODCOED0D

Step1 b~ _— 9

Step2 | ——0,
Step3 e O o
Stepd | A= o

Figure 1.5 Two representative schematic diagrams for contemporary time-
dispersive IM-MS instrumentation. (A) An electrostatic drift tube (DTIMS)
arrangement similar to that described by Smith and co-workers. (B) An
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based on cyclic designs.(41,75)

1.3.4 Mass Spectrometry Considerations

Mass spectrometry is routinely conducted after IM separations to provide mass
measurement on mobility separated ions. In this IM-MS configuration, most of the chemical
separation occurs in the mass dimension due to the high resolving power (>10,000) accessible by
modern mass spectrometers, however, the added IM dimension provides improved peak capacity
and the capability for resolving isomeric compounds based on structural differences (76). IM is
commonly coupled with time-of-flight (TOF) mass spectrometry due to its ability to rapidly
analyze a wide mass range simultaneously and with high resolution. The timescale of the TOF is
on the order of microseconds, pairing well with an upstream IM which is on the order of
milliseconds per analysis. Quadrupole MS is also commonly used with IM-MS as an added mass
filtering stage for tandem MS/MS experiments, which can further aid in analyte identification and
characterization.

Fragmentation methods have been utilized with great success in tandem mass spectrometry
and continue to be used in IM-MS, where it can be initiated between the IM and MS stages
(IM/MS) or prior to IM-MS either with a front-end mass filter (MS/IM-MS) or without, as is the
case with in-source ion activation (/IM-MS) (77). Collision induced dissociation (CID) is
commonly used to fragment ions as it is readily implemented with existing ion optics. CID is
implemented by inducing ion collisions with an inert background gas (such as nitrogen or argon)
under elevated voltage conditions, and CID is considered an ergodic process whereby energy is
distributed across the entire analyte, causing the lowest energy bonds to break first. This leads to

reproducible fragmentation of ions and the analysis of CID fragmentation spectra has been used
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with IM-MS to identify isobaric species which exhibit different bond energies. The CID method
is commonly used in proteomics to determine the amino acid sequence of peptides. While highly
predictable, CID does not preserve weak bonds such as noncovalent complexes and post-
translational modifications, and is less effective at fragmenting large molecules, such as intact
proteins. To address these deficiencies, electron capture dissociation (ECD) and electron transfer
dissociation (ETD) have been used, both of which fragment the ion in a non-ergodic process,
breaking bonds CID would not, and thus creating different but informative fragments compared to
CID. ECD requires simultaneous trapping of ions and free electrons, and has only been
implemented in ion cyclotron resonance MS. ETD and CID have been used simultaneously with
IM-MS for glycoproteomics (78,79,80). This allows a variety of fragments to be determined for a
given precursor ion, with CID fragmenting the glycan portion and ETD fragmenting the peptide
portion. Combining the ion drift time, precursor mass, and fragment mass information allows for
confident identification of the precursor.

IM-MS holds an important role in biomolecular analysis. The ability of IM-MS to integrate
with a wide variety of chromatographic techniques, ion generation methods, fragmentation
methods, and mass analyzers results in a versatile and power technique for biomolecular analysis,
particularly in the omic sciences (proteomics, lipidomics, metabolomics, etc.) where deriving
biological answers requires high sensitivity and confident identifications. Additionally, IM
improves peak capacity compared to standalone MS and is compatible with other analytical stages
such as LC separations and tandem ion fragmentation. In this context, IM can differentiate isobaric
species and provides an additional descriptor (ion drift times or gas-phase CCS) for the
identification of unknowns. The next few sections discuss some specific applications of IM-MS to

biomolecular analysis.
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1.4 Introduction to Current Trends

The confident identification of small molecules continues to be one of the most difficult
challenges in omic studies. While advancements in proteomics have streamlined MS-based
identification efforts for peptides, metabolomic and lipidomic identification capabilities have
generally lagged behind (34,81-84). One reason for this is that while the structure of peptides
consist of rationally-assembled amino acid building blocks which can be elucidated through ion
fragmentation strategies, metabolites and lipids are not biopolymers with predicable sub-structural
units. Additionally, the prevalence of isobaric species in lipidomics complicates feature
identification, and metabolomics studies often encounter features of redundant mass that lack
unique fragmentation patterns, further confounding attempts at identification by MS. Therefore, a
combination of analytical techniques is required for high-confidence lipidomics and
metabolomics. As shown in Figure 1.6, gas chromatography, liquid chromatography, or another
front end separation can be readily combined with IM and MS analysis to provide highly-
dimensional datasets which can be partitioned into specific omic workflows (80,53). The IM
analysis provides charge state and chemical class-specific separations based on differences in
intrinsic gas-phase packing, as well as quantitative size information via the CCS measurement

which can be used as a reproducible measurement for identification purposes (80).

1.5 Integrating Ion Mobility for Omic Analysis
IM-MS provides a fast separation of chemically-unique biological groups with the added
benefit of measuring collision cross section concurrently with mass-to-charge ratio (27,78,85).

This capability is important for omics studies utilizing complex biological samples which routinely
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etal.) (84)
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require extensive sample purification strategies to isolate molecules of interest from undesirable
compounds that would otherwise make MS analysis difficult (e.g., salts, detergents, and other
types of chemical noise) (77,86). Sample preparation strategies have the potential to chemically
alter molecules of interest, for example, by oxidation, reduction, conversion to a secondary
metabolite, or loss of a post-translational modification in peptides. Integrating IM with MS can
help offset some of the burden of chemical separation and alleviate the need for extensive sample
handling. In certain cases where fragmentation occurs post-mobility, either intrinsically or
intentionally, IM-MS also allows the alignment of precursor and product ions which can further
aid in identification (79,87). The following sections provide examples of how ion mobility has
been integrated in proteomic, lipidomic, and metabolomic analyses. Although each analysis is
discussed separately, it should be noted that ion mobility allows for simultaneous analysis of these
individual omic fields via chemical class separation, providing a truly integrated multi-omic

experiment.

1.5.1 Proteomics

Proteomics, the large-scale study of proteins, has been a driving force in systems biology
and has increased our understanding of diseases and human health. Proteins serve as the machines
for all cellular processes, thus proteomic studies are one of the most crucial tasks in systems
biology. MS-based proteomics is a major component to the advancements in the field (88,89).
Proteins encompass a large dynamic range of concentrations, necessitating separation techniques
to enhance lower abundance species prior to mass analysis. Common separation methods for
proteomics include gel electrophoresis, liquid chromatography, and, in a growing number of

instances, ion mobility (90,91,92).
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Ion mobility has been utilized extensively in structural proteomics (78,93). Proteins of
similar or exact mass, such as protein conformers, can be separated by IM due to differences in
their gas-phase size (94). Figure 1.7 illustrates an IM separation for protein ions of different sizes
but similar mass-to-charge ratio (88). The majority of multiprotein complexes have been analyzed
on TWIMS instruments, and it has been demonstrated that incorporation of TWIMS with MS
analysis can increase proteome coverage by up to 60% (95).

In addition to separating proteins, IM is used to probe structural information (88).
Temperature-controlled ESI sources and heated ion transfer capillaries have been used prior to IM-
MS to rapidly heat proteins and monitor their controlled denaturation (11,96,97). In addition,
thermally-induced protein conformational transformations as well as protein-ligand interactions
are observed. In these ways and others, IM-MS progresses from a separation strategy to a structural
measurement technique to broaden our understanding of how protein clusters are formed and

stabilized (91,92).

1.5.2 Lipidomics

Lipids comprise a large portion of the small molecules extracted from organisms. They
have three major functions in biological systems: energy storage, cellular signaling, and structural
functions. Lipids can be divided into eight major categories (fatty acids, glycerolipids,
glycerophospholipids, sphingolipids, sterols, prenols, saccharolipids, and polyketides) with many
different structural motifs ranging from fused cyclic molecules to long chain fatty acids. Lipids
cover a large range of m/z ratios and while mass spectrometry has been a powerful tool in
lipidomics, the numerous isomeric lipid species which can exist makes lipid structural

characterization by MS challenging (98-100). Contributing to lipid structural complexity are the
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Figure 1.7 Ion mobility-mass spectrometry data acquisition and basic
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numerous potential double bond positions, geometric (cis/trans), constitutional (linear and
branched) and stereochemical orientations that a lipid can adopt which are all isobaric in mass.
Identifying complex lipid structures has been a struggle in the field of lipidomics; one that ion
mobility is well-suited to address (94,95,101,102). Lipid identifications in MS-based lipidomics
utilize the exact mass measurement as well as characteristic fragmentation patterns obtained from
tandem MS/MS experiments to assign confidence to structural identifications. As many lipids are
chemically and structurally similar, lipids can be challenging to separate using LC alone, making
it difficult to correlate fragment ions with their precursor ion forms. As demonstrated by Paglia et
al., ion mobility can be used to align fragmentation spectra with precursor parent ions to increase
the confidence in lipid identification (Figure 1.8). In this study, ion mobility was also
demonstrated to be useful in separating co-eluting lipid structures with the same m/z ratios (103).
Ozone-induced dissociation has been recently demonstrated with IM-MS to elucidate the
location of double bonds in the acyl tail region of lipids. Two separate strategies have been
described: solution-phase ozonolysis of lipids prior be being introduced to the mass spectrometer
(104), and gas-phase ozonolysis of lipid ions within the MS, the latter technique termed OzID.
These ozonolysis strategies have been shown to be useful for locating the position of double bonds
within lipids, however, one shortcoming with this approach is that it does not provide any
information about the geometry (cis/trans) of the double bond prior to ozonolysis (99,105). This
emphasizes the strength of IM-MS analysis, where ion mobility allows for the differentiation of
some geometric lipid isomers, such as cis versus trans, even when present in a complex biological
mixture. Groessl et al. demonstrated that CCS differences of 1% or more are sufficient to baseline
separate lipids in DTIMS (96). Although the possibility to use IM for identification purposes was

also discussed, it was noted that high precision and accuracy are needed to create and populate
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reliable reference data libraries. Recently, Leaptrot et al. reported on an empirical CCS database
of wvarious sphingolipids and phospholipids incorporating 456 high-precision DTIMS
measurements (global average RSD of 0.18%), which provides a quantitative means of identifying
unknown lipids, including isomers, by IM-derived CCS information (33). As these CCS libraries

become more available, it is expected that lipidomics using IM-MS will continue to grow.

1.5.3 Metabolomics

Metabolomics is the measurement of the thousands of small molecules in a biological
system. Unlike genomics and proteomics, metabolomics encompasses a large amount of chemical
diversity as it consists of molecules from many different biological classes, such as carbohydrates,
amino acids, hormones, and lipids (106). There are generally two approaches to MS-based
metabolomics: (1) targeted analysis, in which a panel of metabolites are selected for chemical
analysis, and (2) untargeted analysis, in which all small molecules present in the sample are
analyzed simultaneously (101). Both approaches have their advantages. Targeted studies allow for
semi-quantitative analysis of small molecules on a curated list. Isotope standards can be analyzed
concurrently with unknowns and calibrated against empirically-measured response curves
(calibration curves) in order to determine the concentration of specific metabolites within a sample.
Since only a small number of m/z values are prioritized, targeted studies are commonly conducted
on MS instrumentation with selective ion monitoring capabilities, such as triple quadrupole and
ion trap instruments where a select m/z can be tuned and monitored in a continuous duration,
greatly increasing the instrument sensitivity and response reproducibility, which improves
quantitative results. While targeted approaches provide quantitative information regarding

metabolites of interest, these studies do not provide detailed information for other small molecules
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present in the sample. Untargeted approaches, on the other hand, focuses on separating and
comprehensively measuring all of the small molecules present in the sample, but lacks robust
means of quantifying these signals. Also, untargeted studies generally utilize analytical methods
and settings that attempt to measure a large breadth of molecules, and thus can be less sensitive to
a specific class or pool of analytes (101,107,108). While untargeted studies can detect a large
number of molecules present in a sample, identifying the oftentimes thousands of metabolites
observed in a single untargeted study can be an arduous task. For a single m/z feature, there can be
hundreds of matches to known compounds in various metabolomic databases, making an absolute
identification difficult (102,103,109). Thus in order to improve confidence in metabolite
identification, multiple dimensions of analytical information are generally obtained in untargeted
experiments, which can include measurements from front end chromatographic separations
(analyte polarity and retention times), as well as post-ionization techniques such as ion mobility
(likely chemical class and collision cross sections) and tandem MS (ion stability and fragmentation
information). Ion mobility in particular can provide additional peak capacity, isomeric
differentiation, and an additional molecular descriptor (CCS) which can help to alleviate some of
the difficulties associated with confident metabolite identification (110,111,102-104).

As noted in the previous section, IM can improve fragmentation identification in
lipidomics, and this advantage applies to metabolomics as well. With such chemical diversity
found in the metabolome, ion isolation is complicated by co-eluting species, and thus aligning
precursor ions with their fragments originating from ion activation experiments is challenging.
Using IM prior to ion fragmentation allows co-eluting small molecules to be further resolved
following chromatography (102-104). For example, Wickramasekara et al. classified co-eluting

lipid species based on the differences in their IM drift times (Figure 1.9) (112). In addition, the
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Figure 1.9 An example of a 2D image (drift time vs retention time)
showing the ion mobility separation of different compound classes in rat
plasma samples. The encircled regions mark the compound classes that
eluted within a similar retention time window (26-28 min). Drift time-
extracted spectra (bottom) show that these two clusters belong to different
lipid classes, namely Lyso-PC and SM lipids (sphingosine
phosphocholines) that have drift time distributions centered around 7.02
ms and 4.75 ms, respectively. (Figure and Caption from Wickramasekara
etal.) (112)
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drift time extracted spectra can be used to align fragment ions to the corresponding parent ion, as
these signals have identical drift times when conducting the fragmentation post-mobility. This
capability to mobility-align ion precursors and fragments can help to collate specific ion fragment
information which can then be used with the accurate mass measurement to match unknowns to
database entries, thus increasing the confidence in assigning metabolite identifications.

In addition to utilizing the enhanced separation and fragment alignment capabilities from
IM, CCS measurements derived from IM experiments can improve metabolite validation (26).
CCS is linked to an intrinsic molecular property of the analyte (the microscopic molecular cross
section) and thus is considered more robust than other conditional measurement parameters such
as the chromatographic retention time. This property makes CCS useful as an additional molecular
descriptor that can be used in metabolomic studies along with accurate mass and fragmentation
information. Currently, there are several laboratories attempting to use CCS in metabolite
identification workflows. For example, Paglia et al. has described a robust analytical workflow
incorporating CCS for both metabolite and lipid identifications, and report a ca. 2% inter-
laboratory reproducibility of the TWIMS derived CCS (42,84). Stow et al. utilized standardized
DTIMS instrumentation deployed across several laboratories to achieve an inter-laboratory CCS
reproducibility of better than 0.5%, and recent work by Nichols et al. describes the utility of
DTIMS CCS measurements as a molecular descriptor in untargeted studies of primary human
metabolites (113,114). As more research shifts towards incorporating CCS into metabolomic
analysis, there is a need for databases to propagate likewise. Recent efforts for developing CCS
databases to support metabolite identifications have included pesticides, pollutants, xenobiotics,
and steroids (115-118). Leveraging the standardization efforts for DTIMS, Picache et al. has

recently described a “Unified CCS Compendium” which compiles over 3,800 CCS measurements
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obtained from different studies into a single, self-consistent resource with a global average CCS
precision of 0.25% RSD (43). These and other efforts will allow rapid and reliable metabolite
identification and quantification, which becomes increasingly important as the field shifts towards

comprehensively characterizing individual metabolomic pathways.

1.6 Continuing Advancements in IM-MS Technology

Innovation in IM-MS instrumentation continues at a rapid pace. Various improvements
have been suggested and novel IM-MS technologies now being described allow for ingenious
solutions for challenges encountered in biomolecular analysis. For example, a novel instrument
design approach now being actively developed for IM-MS utilizes a scalable ion optical
architecture consisting of electrode pads on a printed circuit board (PCB) and driven with
electrodynamic (RF) fields that confine ions to a predefined ion optical path. This approach,
named by the authors as “structures for lossless ion manipulations” (SLIM), utilizes a 2-
dimensional electrode geometry that is both modular and scalable such that various experiments
can be achieved on the same instrument platform (41,119,120-122). In SLIM, two PCBs with a
mirrored electrode symmetry are placed above and below one another to create the ion path of
travel in between the boards, and a dynamic electric fields are used to both contains and guides the
ions through the SLIM device (123). SLIM allows high transmission ion transfer through elevated
pressure regions, and SLIM-based ion mobility separations based on both DTIMS and TWIMS
have been demonstrated (124,125). The ability to print electrodes on a two-dimensional surface
allows for various ion manipulation modules to be fabricated, including modules to move ions at
90-degree angles (elbows and tees) (118,126). This facilitates cyclic racetrack and serpentine

geometries to be fabricated for long path-length, high-resolution ion mobility separations, and
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incorporation of “tee” junctions allows selection of a discreet ion mobility region for further
tandem analysis by either IM or MS. An example of SLIM-based ion mobility instrumentation is
shown in Figure 1.10 (119). Current designs have created instruments with some of the highest
IM resolution currently available (72).

In addition to TWIMS and DTIMS, a relatively new ion mobility technique called trapped
ion mobility spectrometry (TIMS) is currently available in commercial instrumentation (127,128).
TIMS performs ion mobility separations by selectively releasing ions trapped in a mobility
“analyzer” cell combining a gas flow and an opposing electric field (129,130). The ions trapped in
TIMS are released slowly by lowering the electric field barrier, which allows a mobility spectrum
to be obtained and subsequent MS analysis to be performed. The rate at which the electric field is
lowered corresponds with IM resolution, with slower scan rates leading to higher resolution. TIMS
instruments are capable of high IM resolutions and are very versatile due to its variable scan rate
(131). Either high throughput or high resolution scan rates may be chosen as needed, or a scan rate
may be variable during analysis to allow high resolution only for certain range of mobilities,
enabling targeted high resolution experiments to be conducted. This is in contrast to current high
resolution approaches based on cyclic or racetrack IM technologies, which relies on selecting a
narrow population of mobilities for high resolution analysis, at a cost of rejecting other ions outside
of this mobility window.

While most efforts have focused on improving IM resolution, some approaches have
sought to improve sensitivity and throughput. An example of such an approach is a multi-channel
IM spectrometer shown in Figure 1.11 (5). This instrument utilizes eight discrete ion optical paths
to perform eight ion mobility separations in parallel (132,5). Each ion channel can act

independently, analyzing eight unique samples at a time, improving throughput. Alternatively, the
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multi-channel instrument can analyze the same sample simultaneously across the eight ion optical
paths, increasing the sensitivity of the instrument. As the analytical community pushes for rapid
extraction of more information from complex samples, advancements in high throughput
instrument designs remain crucial.

Additional strategies for improving the mobility separation have focused on increasing the
chemical selectivity of existing IM instrument by using alternate drift gases (133). The
understanding and application of the effect of drift gas on IM separations and the associated CCS
measurement is still in early development, but there is now mounting evidence that the use of more
polarizable drift gases (e.g., CO2, N20, NO2) can increase the resolution for certain ion species
(128,134). While the hard-sphere interactions between the ion and drift gas tend to predominate
the mobility of ions in the IM experiment (135), long-range interactions also play a role in the
observed IM separations and are exploited by varying the drift gas polarizability. Improved
selectivity can occur between certain ionic species depending upon their susceptibility to long-
range interactions (136). The effect on separation efficiency by varying the drift gas composition
is similar to the effect of varying the solvent conditions in capillary electrophoresis to affect
separation selectivity. It is common to alter the drift gas in some high-field IM techniques, such as
high-field asymmetric waveform ion mobility spectrometry (FAIMS) and differential mobility
spectrometry (DMS) (137,138,139-142). In low-field IM techniques, this is less common, but there
have been a number of significant examples (143,144). Using an ambient pressure drift tube, Hill
and coworkers showed that varying the drift gas polarizability could improve selectivity for
various small molecules including drugs, carbohydrates, and peptides (128,129,145-146). Using a
reduced pressure drift tube, Yost and coworkers reported that carbon dioxide improved resolving

power for several isobaric steroids (147). Eberlin and coworkers demonstrated that replacing
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nitrogen with carbon dioxide in a TWIMS instrument could improve separation of a number of
analytes such as carbohydrates and isomeric haloanilines (46,148,149-150). However, it is
common for observations of more polarizable drift gases to report minimal improvement to overall
IM peak capacity or resolution compared to nitrogen on helium (131,151-153). For example,
Fjeldsted and coworkers investigated the separation of various small molecule pesticides, isomeric
carbohydrates, and fluoroalkyl phosphazenes in a wide variety of drift gases, including helium,
nitrogen, argon, carbon dioxide, nitrous oxide, and sulfur hexafluoride. Generally, it was observed
that helium and nitrogen had the highest resolution and resolving power, with some of the more
polarizable drift gases demonstrating better selectivity when comparing certain analyte pairs (133).
To fully evaluate drift gas effect, a broader range of masses and biological classes needs to be
reported in a variety of drift gases across multiple platforms and laboratories. Recently, Morris et
al. utilized DTIMS operated in a variety of drift gases (helium, nitrogen, argon, and carbon
dioxide) to study several different classes of compounds (quaternary ammoniums, phosphazenes,
polypeptides, and carbohydrates) and provided recommended experimental parameters that allow
for comparable CCS values to be determined among multiple laboratories (154). Currently, the
majority of CCS measurements have been reported in either helium or nitrogen, hindering the
evaluation of IM separation performance in other alternate drift gases (12), though as the methods
and parameters to perform these variable drift gas experiments become standardized, normalized
measurements such as CCS will be vital for allowing direct comparison of separations conducted
on different platforms (e.g. drift tube or traveling wave) (121). The potential analytical importance
of drift gas composition on improving IM resolution and separation selectivity is significant, and

currently this area of research is largely unexplored.
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1.7 Future Remarks on IM-MS in Multi-Omic Studies

When utilized in various omics studies, IM has been used primarily to partition analytes of
interest from chemical noise originating from complex samples, resolve ambiguities within co-
eluting features, and align precursor and fragmentation data acquired in data independent
strategies. While the majority of IM-MS applications in biomolecular analysis have focused on
specific omic fields (e.g., proteomics, lipidomics, metabolomics), there is increasing interest in
utilizing IM-MS for untargeted, multi-omic studies which examine a large breadth of molecule
types simultaneously (155). A truly, multi-omic analytical workflow will facilitate the
development of system maps which connect relationships between molecule types and allow
perturbed pathways to be highlighted. To illustrate this concept, Figure 1.12 displays work from
Paglia et al. on building pathway maps to track metabolites being shuttled between mitochondria
and the cytosol (156). An area that can benefit from this type of analysis is the microbiome field.
The microbiome has experienced recent and significant attention aimed at understanding the
integral role that commensal bacteria plays on human health (157-159). This focus, in large part,
is due to advancements in sequencing of bacterial communities allowing for whole populations to
be analyzed simultaneously, facilitating the comparison of healthy versus disease states (158,159).
One challenge that remains in microbiome research is the understanding of the mechanisms that
lead to disease, which can be addressed at least in part by building biochemical inventories of
small molecule metabolites observed within the samples. MS-based metabolomics can be applied
to a variety of sample types, can measure thousands of metabolites, and requires very little sample
quantities, and thus has high potential for integration into multi-omic study. In particular, the
ability of IM-MS experiments to separate and detect multiple biological classes and chemical

motifs simultaneous, can allow perturbed metabolites to be observed along with changes in the
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bacterial community. Uncovering changes in the metabolomic profile can provide insight into the
role that particular bacteria plays within the complex interplay of biomolecules associated with the
microbiome.

Throughout this chapter, biomolecular analysis by various IM-MS technologies have been
highlighted. Currently, IM is used primarily to enhance the separation of molecules present within
complex samples. However, with the higher quality IM measurements now being reported (39),
the role of IM for supporting biomolecular identifications is poised to make a significant impact
in the omics sciences, particularly within the metabolomics and lipidomics communities. As high
resolutions, precisions, and multi-stage tandem experiments become available, IM-MS will play
an increasingly important role in providing deeper levels of information in large-scale
biomolecular analysis initiatives including biological pathway analysis, systems, and synthetic
biology.
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CHAPTER II

INTEGRATED, HIGH-THROUGHPUT, MULTIOMICS PLATFORM ENABLES DATA-
DRIVEN CONSTRUCTION OF CELLULAR RESPONSES AND REVEALS GLOBAL

DRUG MECHANISMS OF ACTION

2.1. Introduction

The total and complete understanding of cellular responses at the molecular level requires
an appreciation for of the complexity and dynamic nature of cellular pathways. While may
primarily studies of exposure to exogenous compounds often reveal immediate mechanism of
actions (MOA), many secondary MOAs are not understood or even explored until several years
after the initial discovery. This can lead to devastating effects for compounds being administered
to patients. An example of this is the identification of thalidomide’s target of toxicity 50 years after
observance of the teratogenic properties.(1) Even therapeutic compounds designed for specific
targets, for example statins, often induce multifaceted effects.(2) This highlights the need to
identify initial MOAs as well as downstream effects that result from these changes.

Drug development strategies largely focus on the interaction of a drug candidate with a
single molecular target, assuming that optimization of affinity to a target produces the most
effective outcomes. Despite preclinical research being optimized and automated to ensure the rapid
generation of suitable drug candidates, the failure rate remains high. Recent estimates suggest that
as few as one in ten developed drug candidates succeed.(3—5) Factors leading to failure include

safety concerns and effects that are difficult to predict with targeted assays.(3,5) These undesirable
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side effects may not manifest until late stages of clinical trials, after investing billions of dollars
into a lead compound.(6,7)

The decline in drug development research and efficiency has been well-
documented.(8—10) Of the many contributing factors, a major one is that current technologies do
not provide a systems-level evaluation of the candidate drug,(11) instead focusing on targeted
studies to demonstrate efficacy. It has been noted that drug development was more effective in the
era when animals (e.g., systems) were primarily used in the initial stages of development,(8)
emphasizing the tradeoffs in using a reductionist approach to drug development. Clearly, there is
an urgent need to fundamentally change the way we analyze cellular responses and evaluate
potential therapeutic drugs and threatening toxins. A comprehensive approach to understanding
cellular response to drug candidates can contribute to both the efficacy and safety of the final
product, elucidate pathways of adaptive tolerance and resistance, and highlight possible
polypharmacological applications. Additionally, a complete understanding of the molecular
landscape allows for the screening of pre-existing mutations that dispose patients to therapeutic
failure.

Understand the complex cellular response up front requires exhaustive molecular profiling,
a task well-suited to multiomics approaches. The prevailing thought for these technologies is that
they are not applicable to programs requiring high throughput results.(12,13) However, recent
advances in the technologies used for transcriptomics, proteomics, and metabolomics provide
unprecedented molecular specificity and speed while maintaining high standards for data quality.
Integration of these technologies facilitates a cohesive analysis of cellular response, and increases
in analytical efficiency coupled with modern computational capabilities make it feasible to rapidly

obtain comprehensive data of a compound’s MOA. Of equal importance, this approach enables
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the discovery of cellular processes outside of targeted pathways, providing molecular information
and insight into complex cellular responses.

Although this is a multi-omic study that includes transcriptomics, proteomics, and
metabolomics, for the purpose of this dissertation, I focus solely on the development of the
metabolomic portion in which I personally contributed. Presented here is the development and
applications of these techniques using ion mobility-mass spectrometry for improved metabolite

separation and identification, in the aim of a more complex multiomic investigation.

2.2. Experimental Details
2.2.1. Metabolite Extraction

All solvents used for metabolite extraction and analysis (MeOH, H2O, ACN, FA,
ammonium formate and ammonium acetate) were LC/MS grade (Fisher Scientific, Fair Lawn, NJ).
Cell slides (~6-7 x 10° cells/slide) were kept at -80°C or on dry ice until ready for metabolomic
sample processing. Intracellular metabolites were extracted by scraping individual cell slides in
350 pL of cooled (4°C) 2:2:1 (v:v:v) ACN:MeOH:H20. Individual samples were dried in vacuo
just until dried and reconstituted in 1 mL of 75:25 (v:v) ACN:H20 (dry ice cooled), vortexed for
30 s, sonicated (five 1 s pulses at 30% amplitude while on ice) and incubated at —80°C for 2 h.
After incubation, samples were cleared by centrifugation at 15,000 rpm for 15 min, and the
resulting supernatant was removed, halved in volume and evaporated to dryness in a vacuum
concentrator. Dried extracts were reconstituted in 100uL of reverse phase reconstitution solvent
mixture containing 98:2 (v:v) H20:ACN with 0.1% FA for reverse phase analysis or 100uL of
normal phase reconstitution solvent mixture containing 80:20 (v:v) ACN:H20 for normal phase

analysis; followed by centrifugation for 60 s at 5,000 rpm to remove insoluble debris. Quality
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control samples were prepared by combining equal volumes (20 puL) of each sample type and

samples were transferred to HPLC vials prior to IMMS analysis.

2.2.2. Metabolomic Mass Spectrometry Analysis

UPLC-IM-MS and data-independent acquisition (MSF) were performed on a Synapt G2
HDMS (Waters Corporation, Milford, MA) mass spectrometer equipped with a nanoAcquity
UPLC system and autosampler (Waters Corporation, Milford, MA). Chromatographic separations
were achieved using both hydrophilic-interaction liquid chromatography (HILIC) and reverse
phase liquid chromatography (RPLC). A 1.7 um (1 mm x 100 mm) ACQUITY BEH amide column
(Waters Corporation) was used for HILIC analysis and reverse phase liquid chromatography was
performed using a 1.8 um (1 mm X 100 mm) HSS T3 ACQUITY column fitted with a 1.8 pm
HSS C18 pre-column (2.1 mm X 5 mm). Samples were analyzed three times each in UPLC-HILIC-
HDMSE and UPLC-RPLC-HDMSE in positive ionization mode. For HILIC analysis, mobile
phase A was 9:1 (v:v) H20:ACN and mobile phase B was 9:1 (v:v) ACN:H2O, both with 0.1%
FA and 10mM ammonium acetate. The following elution gradient was used for HILIC analysis: 0
min, 12.5% A; 1 min, 12.5% A; 4 min, 62.5% A; 10 min, 37.5% A; 11 min, 80% A; 13 min, 80%
A; 14 min, 12.5% B. Flow rates for HILIC analysis were 90 pL/min with a column temperature at
30°C and an injection volume of 5 pL. For RPLC analysis, mobile phase A was H20 and mobile
phase B was ACN, both with 0.1% FA. The following elution gradient was used for RPLC
analysis: 0 min, 99% A; 1 min, 99% A; 10 min, 40% A; 20 min, 99% A; 22 min, 99% A; 25 min,
1% A. Flow rates for RPLC analysis were 75 pL/min with a column temperature of 45°C and an

injection volume of 5 pL.
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HDMS?E analyses were run using resolution mode, with a capillary voltage of 3 kV, source
temperature at 120°C, sample cone voltage at 35V, source gas flow of 300 mL min !, desolvation
gas temperature of 325°C, He cell flow of 180 mL min~!, and an IM gas flow of 90 mL min'. The
data were acquired in positive ion mode from 50 to 2000 Da with a 1 s scan time; leucine
enkephalin was used as the lock mass (M/z 556.2771). All runs were analyzed using HDMSE with

an energy ramp from 10 to 40 eV.

2.2.3. Metabolite Data Processing and Analysis

The acquired UPLC-IM-MSF data were imported, processed, normalized and interpreted
in Progenesis QI v.2.1 (Non-linear Dynamics, Newcastle, UK). Briefly, each UPLC-IM-MSF data
file was imported as an ion intensity map (used for visualization in both m/z and retention time
dimensions) and underwent retention time alignment and peak picking. Peak picking was
performed on individual aligned runs by matching peaks in an aggregate data set that is created
from all aligned runs. Following peak picking, the features (retention time and m/z pairs) were
reduced using both adduct ([M+H]", [M+Na]*, [M+K]", etc.) and isotope deconvolution. Data
were normalized to all compounds. Statistically significant changes were identified using
multivariate statistical analysis including principal component analysis (PCA) and p-values
generated using analysis of variance (ANOVA) or pairwise comparisons. Pairwise comparisons
were performed for each cisplatin treatment (1, 6, 24 or 48 hr) vs. its matched control (1, 6, 24 or
48 hr). Three biological and three technical replicates from each sample type were used to calculate
both fold change and p-value and features were considered for identification only if they met both
significance criteria of fold change >|1.5| and p<0.1; we have termed this list ‘prioritized

metabolites’. Prioritized metabolites or features were assigned tentative structural identifications
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using accurate mass measurements (< 10 ppm error) and isotope distribution by searching the
Human Metabolome Database (HMDB).(37) Following tentative structural identifications for both
chromatography methods (HILIC and RPLC), spreadsheets were merged for further data
processing. In particular, metabolites associated with drugs, plants, food, and microbial origin were
eliminated. Metabolites with a tentative structural identification (met the dual significance criteria
of fold change at an absolute value of 1.5 or above and a p-value of <0.1) were used in the
mechanism of action. In an effort to increase the confidence in metabolite assignment,
fragmentation spectra of metabolites that met significance criteria were searched in HMDB (14),
METLIN (15), MassBank (16), and NIST (17). Metabolite peak identifications were putatively S-
24 assigned using product ions observed in the fragment ion spectra analyzed in HDMSE mode.

Ion mobility separations were used to isolate precursor ions and correlate product ions.

2.3. Results and Discussion

This study demonstrates a multiomics platform designed to assess a comprehensive MOA
of exogenous compounds in 30 days. Taken into consideration is the selection of cell type,
exposure methods, and analytical modalities by evaluating stability, reproducibility, utility, and
feasibility within 30 days. For this study, we used A549 cells; however, our platform is amenable
to various adherent and suspension cell lines. The sponsoring agency selected cisplatin as the test
compound and revealed its identity on the first day of the 30 day period.

Figure 2.1 graphically illustrates the three phases of our procedure: (1) molecular
screening (days 0-3), (2) discovery analytics (days 4-25), and (3) mechanism construction (days
26-30). Phase 1 screens a wide range of cisplatin dose and exposure times to establish the treatment

protocol for discovery experiments. This preliminary screen deduces dosing conditions that
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Figure 2.1 Multiomics platform for MOA construction. The 30 day procedure has
three distinct phases: dose screen (days 0-3), discovery and validation (days 4-25),
and mechanism construction (days 26-30). Phase 1 incorporates cell viability and
molecular screens to establish protocols for the discovery phase. Phase 2 integrates
proteomics, metabolomics, and transcriptomics to determine molecular changes
correlated with compound dose. In Phase 3, network analysis of all statistically
significant changes drives construction of a comprehensive MOA.
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provide relevant data for the MOA, allowing the application of this protocol to
uncharacterized compounds. During Phase 2, transcriptomics, proteomics, and metabolomics
determine changes in molecular expression correlated with exposure to the compound. In Phase 3,
data integration and analysis drive mechanism construction.

For the purpose of this dissertation, the metabolomics workflow will be explained in
greater detail in how it attributes to the determination of the MOA. In addition, the influence that
this study has on developing methods for various applications, including the gut microbiome, will
also be discussed at the end.

2.3.1. Metabolomic Analysis

This method combined hydrophobic and hydrophilic chromatography techniques. Both
hydrophilic interaction liquid chromatography (HILIC) and reversed-phased chromatography
(RPLC) generated a similar number of identified features with IM-MS analysis, approximately
7,000 for HILIC and 8,000 for RPLC. Less than half of these molecules are observed across both
LC methods (Figure 2.2). The additional coverage afforded by combining HILIC and RPLC
analysis allowed for 46% and 70% more identifications than using either technique alone,
illustrating the importance of using multiple separation techniques (Figure 2.3). This is due to the
ability to separate molecules based on their chemical affinities and detect a greater diversity of
species, improving the identification and quantification of significantly altered species.
Furthermore, 51% of the total number of statistically significant metabolite species identified were
not represented in more than a single time point (Figure 2.3). The large number of unique
metabolites observed at 24 hours suggests that as exposure time of cisplatin increases, the
metabolism of the cell is altered. It is important to note that the global metabolomics data shown

represent only those species identified through database correlation and statistically prioritized
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1hr

24 hr 6 hr

Figure 2.2. Figure displaying detected
features detected from HILIC and RPLC.
Approximately 7,000 features are
detected with HILIC and 8,000 features
detected in RPLC (top). Significantly
altered changed metabolites are show the
overlap across the modalities and time.
For visual simplicity, 3 out of 4 time
points are shown (bottom).
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Figure 2.3. A graph demonstrating the metabolomic
coverage observed using HILIC and RPLC. The
additional coverage afforded by combining these
techniques allow for 46% (gray bar) and 70% (blue
bar) more identifications. Furthermore 51% of the
total number of statistically significant metabolite
species identified were not represented in more than
a single time point (black bar).
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based on the significance criteria of the study.

The proteomic and biology assays provided evidence that suggested apoptosis. The
proteomic and biological methods are outside of the scope of this dissertation. These analyses
along with the transcriptomic data, the pathway that lead to this apoptosis is explored. When
compared to the literature-derived canonical MOA, it was determined to be in agreement for both
the network and on a time-resolved basis. The capture of 32 out of 33 species from >53,000 unique
measurements tested less than 0.1% of the collected data. Although many metabolites identified
supported findings from the other omic fields, many metabolites were a part of pathways outside
of the canonical one. The metabolomic data supported these findings while expanding beyond the
current literature.

2.4. Remarks and Perspective

The platform provides proof-of-concept for how to utilize a multiomic study to provide a
MOA. The method described herein utilizes technologies for large-scale measurement of
molecular events to generate a comprehensive picture of the cellular response to an exogenous
compound. Using cisplatin, we demonstrate that this platform can identify primary MOA and
pathways important for side effects and resistance. This platform provides several key
developments in MOA determination. First, a 3 day screening platform determines relevant
exposure and dose using MS to determine the maximal molecular changes. Second, comprehensive
molecular data are collected within 2-3 weeks, including post translational modifications and
metabolomics. These data can generate a tunable output of the final network or mechanism based
on statistical confidence in empirical measurements. Finally, this platform provides high-

throughput, comprehensive MOA assessment.
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The applications for this platform are diverse and span various fields of study. Assessment of
pharmaceutical compounds can rapidly uncover MOA and potential off-target effects as well as
improve the selection of drug candidates likely to succeed. This platform could promote rapid
MOA assessment for unknown compounds, environmental pollutants, and infections agents. The
metabolomic aspect of this investigation demonstrates the speed in which metabolites can be
validated and used to generate biological information. LC-IM-MS methods are explored further in

this dissertation as the focus shift to the gut microbiome.
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CHAPTER III

COLLISION CROSS SECTION CONFORMATIONAL ANALYSES OF BILE ACIDS VIA

ION MOBILITY-MASS SPECTROMETRY

3.1. Introduction

Bile acids are compounds that are essential for human health. These compounds primarily
assist in the solubilization of dietary lipids and promote their absorption through the digestive
tract.(1) Bile acids are the primary mechanism governing the elimination of cholesterol, aid in the
motility of bacteria in the small intestine, and act as signaling molecules for the mitogen-activated
protein kinase (MAPK) pathways, nuclear hormone receptors (FXRa), and the G-protein-coupled
receptor (GPCR) TGRS5.(1,2) The function of any individual compound from this class of
molecules is dictated by its specific structure, so the accurate identification of these molecules is
of growing importance. However, the separation of bile acids remains challenging due to their
structural similarities, often resulting in indistinguishable MS/MS fragmentation patterns and
similar chromatographic retention times.

Bile acids are derived from cholesterol and possess a fused four ring core with four primary
substitution sites (typically on carbon 3, 6, 7, and 12 as shown in red in Figure 3.1). Bile acids are
characterized by conjugation at carbon 24 (designated in blue in Figure 3.1) and the
functionalization of these substitution sites.(3) The most common modification, a hydroxyl group,
can vary in position and/or orientation, and often determines molecular function. For example,
chenodeoxycholic acid (CDCA) and deoxycholic acid (DCA) are two bile acids that differ in the

position of the hydroxyl group. Both compounds solubilize lipids as part of the enterohepatic
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Figure 3.1. Four ring structure common to all bile
acids. Carbons are numbered with substituents
located at carbon 3, 6, 7 and 12, highlighted in red
font. R groups are -H, -OH, or —HSOse groups.
Carbon 24, highlighted in blue font, is conjugated
with glycine or taurine to yield glycocholates and
taurocholates, respectively.
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circulatory system, but DCA additionally acts as a hepatotoxin and oncometabolite.(4,5)

Bile acids are difficult to distinguish from each other using liquid chromatography-mass
spectrometry (LC-MS) methods alone, due in part to their similar polarities.(6) One example, the
isomeric pair a- and B-muricholic acid, only differ in the orientation of the hydroxyl group on
carbon 6. Zheng et al. recently demonstrated that a- and B-muricholic acid could be resolved using
ion mobility (IM), despite these minor structural differences.(8) This validates the utility of IM as
an additional dimension of separation, in conjunction with LC for improved resolution of
isomers.(7,8)

Picache et al. recently published and released the Unified Collision Cross Section (CCS)
Compendium containing a myriad of compounds including lipids, carbohydrates, amino acids,
peptides and other small molecules.(9) The motivation for the Unified CCS Compendium is to
provide an open source database for the IM community to collect and compare CCS values that
meet specific criteria for precision and accuracy. CCS values can then be used as an additional
descriptor for omic studies to aid in the identification and validation of unknown small molecules.
It has been demonstrated that molecules with similar chemical motifs tend to exhibit correlations
in conformational space.(10-12) Compounds of a given biomolecular class that adopt similar gas
phase structures fall along specific mass-mobility trendlines. Using both CCS values and mass-to-
charge (m/z) ratios, it is possible to increase confidence in metabolite annotation to identify
unknown molecules and predict biomolecular class when performing global untargeted
metabolomic studies.(10,12-19) The Unified CCS Compendium previously contained a limited
number of bile acid entries, with proton loss [M-H] being the most reported ion state. In this report,
we expand on previously obtained CCS values of bile acids by analyzing adding conjugated, un-

saturated, and sulfated bile acids in both positive and negative ionization mode. While [M-H]" was
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the predominant ion in negative mode, positive mode analyses contained a variety of observed
adducts, including [M+Na]+, [M+H-H20]", [M+H-2H20]", [M+H-H2SO4]", [M+H-H2SOqs-
H20]", and [M+H-H2S04-2H20]" ion species.
3.2. Methods
3.2.1. Standards and Chemicals

Optima grade acetonitrile and water were purchased from Fisher Scientific
(Loughborough, UK). Ammonium acetate was purchased from Sigma Aldrich (Dorset, UK).
Formic acid was purchased from Fluka (Buchs, Switzerland). Bile acid standards were purchased
from Steraloids, Inc. (New-port, RI) and included tauro-alpha-muricholic acid (T-a-MCA), tauro-
beta-muricholic acid (T-p-MCA), tauro-omega-muricholic acid (T-w-MCA), alpha-muricholic
acid (a-MCA), Dbeta-muricholic acid (B-MCA), taurohyocholic acid (THCA),
glycoursodeoxycholic acid (GUDCA), tau-roursodeoxycholic acid (TUDCA), hyocholic acid
(HCA), taurohyoxydeoxycholic acid (THDCA), taurocholic acid (TCA), cholic acid (CA),
ursodeoxycholic acid (UDCA), hyodeoxycholic acid (HDCA), glycodeoxycholic acid (GDCA),
taurodeoxycholic acid (TDCA), chenodeoxy-cholic acid (CDCA), and deoxycholic acid (DCA).
3.2.2. Measurements of CCS of Bile Acids

The PTCCSn2 values for 50 bile acids were determined based on the Agilent 6560
standardized single field CCS protocol established by Stow et al.(20) This protocol allows for the
most consistent determination of CCS values with precisions generally lower than <0.2% RSD
(n=3 taken on 3 separate days). Injection procedures were similar to a previously described
method,(21) in which bile acid standards were first diluted to 10 pg/ml in acetonitrile and stored
in glass autosampler vials at 4°C. Aliquots of 10 pL were injected at 100 pL/min via a 100 pL

sample loop directly to the Agilent Jet Stream electrospray ionization source (i.e. no LC column
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was used). Source settings included drying gas at 300°C and 4 L/min, sheath gas at 200°C and 8
L/min, nebulizer pressure at 12 psi, and electric potential of the entrance capillary and nozzle held
at 2800 V and 1750 V, respectively. The mobile phase was comprised of 50:50 acetonitrile/water
with 0.1% formic acid. The initial flow rate of 800 uL/min was decreased to 30 pL/min from 0.15
min to 0.16 min, where it was held at 30 pL/min until 0.90 min. From 0.90 min to 1.00 min, the
flow rate was increased to 800 pL/min and maintained for 1.00 min to wash the column and prevent
sample carryover.(21) In the 2.00 min data acquisition, features from each sample injection were
detected from 0.20 min to 1.00 min. CCS values were collected in this elution window in both
positive and negative ionization mode, with a 1350 V bias and nitrogen at 3.94 Torr and 26°C in
the IM drift tube. Data was collected once per day for three days to yield three replicates per
sample. All bile acid standards were analyzed individually and methods were in agreement with
CCS data handling protocol described by Picache et al. with relative standard deviations <0.2%.(9)
CCS values measured in this work have been submitted to the Unified CCS Compendium for
community access.
3.3. Discussion

The bile acids in this study were found to ionize readily via electrospray ionization. While
[M-H] was the predominant adduct in negative ionization mode, other negative adducts were
observed at lower relative abundance including [M+CI1],, [M+COOH], and [M+COONa]. In
positive ionization mode, coordination of a proton or sodium ion were common, with proton-
coordinated species solely appearing with neutral losses, including loss of H2O and/or H2SOa.
Although [M+H-H2S04]" could be denoted [M+H-H20-SOs], neutral loss of SO3 was not
experimentally observed, independent of water loss. Multimeric species were observed at high

abundance in both polarities, although the scope of this work was limited to measurement of CCS
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values of singly charged, monomeric bile acids. The multiple adducts observed in positive
ionization mode for B-muricholic acid are depicted in the IM-MS plot in Figure 3.2. In this mass
spectrum, the [M+H]" adduct is present in very low relative abundance whilst the [M+Na]" adduct
is prominent. As for most bile acids in this study, neutral water loss was common, with [M+H-
H20]", [M+H-2H20]", [M+H-3H20]" adducts present in high relative abundance. Due to hydroxyl
and/or sulfate groups being the main differentiating features between bile acids, the common
appearance of such a wide variety of adducts across both polarities make it extremely challenging
to distinguish functionalized bile acids from one another in complex mixtures.

Nomenclature, molecular formula, R substituents, m/z, and CCS values for the unsulfated
bile acids (including both glycine and taurine species) are found in Table 3.1. Bile acid sub-classes
are based on glycine and taurine conjugation of the carbon 24 carboxyl group, bond saturation,
and sulfation. Figure 3.3 depicts the mobility-mass conformational space of the [M-H]™ bile acid
adduct. The grouping within each plotted series indicates how the various subcategories denoted
by marker color and shape cluster in different regions of conformational space. CCS values for
sulfated conjugated bile acids can be found in Appendix B1. Similar to other classes in the Unified
CCS Compendium, bile acids cluster in CCS vs. m/z space based on their structural similarity and
degree of packing in the gas phase. As is observed for most classes of molecules, we observe a
general increase in CCS with m/z. The sub-class that has the smallest range in cross section is the
glycine conjugated bile ac-ids with a range of 2.6 A2, while the sub-classes with the largest ranges
are the unconjugated sulfated bile acids (mass range 456.25 Da — 488.24 Da) and the unsaturated
bile acids (mass range 374.28 Da — 406.27 Da) at 9.8 A2 and 9.1 A2, respectively. This is similar
to results reported by Zheng et al. in that smaller unsaturated bile acids separate more readily than

saturated bile acids in CCS
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Figure 3.2. Representative IM-MS spectrum of B-muricholic acid in positive ionization mode. Multiple adduct
forms were observed in both polarities, with water loss commonly exhibited for proton coordinated species in
positive ionization mode. Cross sections are reported for species denoted by yellow arrows; however, species
denoted by red arrows are not reported due to low intensity.
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Table 3.1. A list of negative mode CCS measurements for [M-H] adducts of bile acids reported in this
study. Values for species in positive ionization mode are reported in the accompanying supplemental
materials (Appendix Table B1). Bile acids are grouped by subclass, and entries within each subclass are
sorted by increasing m/z ratio. Structural nomenclature and composition of the R groups are displayed in
the table along with chemical formula, m/z, and CCS. Numeration of the R groups refers to positions
shown in Figure 1. At each R position, the substituent was either hydrogen (-H), alpha or beta hydroxyl
(o- or B-OH), or doubly bonded oxygen (=O). Precision is reported as the %RSD for n=3 measurements
made on three separate days.

3:':5 Name ?:2:2:3:' R1 R2 R3 R4 | msz cE:Ms-TAZ) % RSD
dehydrolithocholic acid C24H3803 =0 -H -H -H 374.57 205.4 0.037
3,7-dioxy-5B-choanoic acid C24H3604 =0 -H =0 -H 388.26 206.0 0.042
3,6-diketocholic acid C24H3604 =0 =0 -H -H 388.55 200.8 0.147
dehydrodeoxycholic acid C24H3604 =0 -H -H =0 388.55 209.5 0.208

= 3-oxo-12a-cholic acid C24H3804 =0 -H -H a-OH | 390.56 200.6 0.149
% apocholic acid C24H3804 a-OH -H -H a-OH | 390.58 202.9 0.127
_5_, 7a, 12a, dihydroxy-5B-cholanic acid | C24H4004 -H -H a-OH  a-OH | 392.58 200.5 0.052
2 3B, 7a, dihydroxy-5B-cholanic acid | C24H39D0O4 B-OH,a-D  -H a-OH -H 393.59 202.6 0.107
= 3,7,12-tri-betacholanic acid C24H3405 = -H =0 =0 402.53 209.6 0.149
7,12-dioxolithochoilc acid C24H3605 -OH -H =0 =0 404.55 204.1 0.220
12-dehydrocholic acid C24H3805 a-OH -H a-OH =0 406.27 204.0 0.128
7-ketodeoxycholic acid C24H3805 a-OH -H =0 a-OH | 406.27 204.0 0.161
3-oxocholic acid C24H3805 =0 -H a-OH  a-OH | 406.27 205.4 0.029
lithocholic acid C24H4003 a-OH -H -H -H 376.58 198.8 0.210
ursodeoxycholic acid C24H4004 a-OH -H B-OH -H 392.58 198.1 0.116

E hyodeoxycholic acid C24H4004 a-OH a-OH -H -H 392.58 199.1 0.114
e murideoxycholic acid C24H4004 a-OH B-OH -H -H 392.58 200.1 0.147
g- chenodeoxycholic acid C24H4004 a-OH -H a-OH -H 392.58 202.2 0.068
S hyocholic acid C24H4005 a-OH a-OH  o-OH -H 407.57 202.6 0.058
5 a-muricholic acid C24H4005 a-OH B-OH  a-OH -H 408.57 203.7 0.078
B-muricholic acid C24H4005 a-OH B-OH  B-OH -H 408.57 200.6 0.112

cholic acid C24H4005 a-OH -H a-OH  a-OH | 408.57 202.9 0.059

° E glycolithocholic acid C26H43N0O4 a-OH -H -H -H 432.31 199.4 0.030
g & | glycoursodeoxycholic acid C26H43NO5 a-OH -H B-OH -H 448.31 201.0 0.095
5‘% glycodeoxycholic acid C26H43N0O5 a-OH -H -H a-OH | 448.31 199.7 0.062
[3) glycocholic acid C26H43NO6 a-OH -H a-OH  a-OH | 464.30 202.1 0.109
taurohyodeoxycholic acid C26H45N0O6S a-OH a-OH -H -H 498.29 206.2 0.051
taurolithocholic acid C26H45NO5S a-OH -H -H -H 482.30 206.3 0.042

= taurochenodeoxycholic acid C26H45N0O6S a-OH -H a-OH -H 498.29 2071 0.054

3 % taurocholic acid C26H45N0O7S a-OH -H a-OH  o-OH | 514.29 207.4 0.074
= ‘E’" tauroursodeoxycholic acid C26H45N0O6S a-OH -H B-OH -H 498.29 207.5 0.054
e 5 taurohyocholic acid C26H45N0O7S a-OH a-OH  a-OH -H 514.29 208.3 0.077
© tauro-a-muricholic acid C26H45N0O7S a-OH B-OH  a-OH -H 514.29 209.3 0.070
tauro-w-muricholic acid C26H45N0O7S a-OH a-OH B3-OH -H 514.29 209.3 0.062
tauro-B-muricholic acid C26H45N0O7S a-OH 3-OH B-OH -H 514.29 209.5 0.077
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Figure 3.3. A conformation space CCS vs m/z plot of the [M-H] adduct of bile acid standards in
negative ionization mode. Marker color indicates the bile acid subgroup. Bile acid and conjugated
bile acids are represented by circles while sulfonated bile acids are denoted by diamonds. The
solid gray line represents the bile acid trendline for all species, and the dotted lines depict the
bounds of the 95% confidence interval. All but one bile acid value fell within this correlation,
regardless of conjugation and sulfonation.
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space.(8) Zheng et al reported glycine and taurine conjugated bile acids (m/z 449.31 and m/z
514.28, respectively) were the most difficult to separate.(8) This can be associated to the narrow
range of the bile acids after glycine or taurine conjugation. It was reported that glycine conjugated
bile acids had a smaller CCS range than unconjugated bile acids (2.7 A? for glycine conjugated
and 7.0 A? for unconjugated).(8)

Using these reported CCS values, we can create correlations similar to those used by
Picache et al. in the Unified CCS Compendium by mapping expected mobility-mass space for bile
acids.(9) Using the measured experimental bile acid data, a correlation is plot-ted using a power
fit. This correlation is representative of bile acids and bile acid conjugates. By reporting a bile acid
correlation (Figure 3.3) and utilizing it to compare predicted and experimental CCS values in
future studies, we can increase the confidence in bile acid annotations. All of our values fall within
5% of the calculated correlation, with the only exception being disulfated chenodeoxycholic acid.

Bile acids conjugated with glycine did not exhibit the same increase in CCS with m/z as
other bile acids, an unexpected result. While glycine conjugated values still fell within the
confidence interval of the bile acid correlation, the CCS was observed to decrease with increasing
m/z, indicating interaction of glycine with another portion of the structure. This hypothesis is
further supported by the lower range in CCS values of glycine conjugated bile acids. Figure 3.4
shows molecular models of cholic acid and its glycine conjugated counterpart, glycocholic acid.
The fused ring sterol core common to these bile acids has no rotational freedom, therefore it is the
R groups that introduce variability in CCS. In glycocholic acid, the glycine tail can form a
hydrogen-bond with nitrogen (Figure 3.4B). The resulting pseudo-5 membered ring prevents the
tail from freely rotating and results in a more compact structure than that observed for bile acids

with unconstrained tails.
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Figure 3.4. Ball and stick model of (A) cholic and (B)
glycocholic acid. The sterol ring structure is the same
in both cholic acid and glycocholic acid, however the
tail structure (and their interactions with the core)
affect the cross section. With cholic acid (A), the tail
has no interactions with the sterol ring, however, based
on molecular modelling, with glycocholic acid (B), the
tail structure folds in and forms a hydrogen bond with
the nitrogen, stabilizing the tail and limiting its
motion. Colored spheres represent atoms, with gray
carbon, red oxygen, blue nitrogen, and white
hydrogen.
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Another observation of structural interest is that CCS increases with bile acid unsaturation.
As double bonds are introduced, the m/z decreases by 2, 4, and 6 nominal mass units
(corresponding to 1, 2, and 3 double bonds, respectively). With this, an increase in CCS is
observed. Figure 3.5 highlights two pairs of molecules that differ only in the presence of double
bonds: (1) lithocholic acid and dehydrolithocholic acid, and (2) cholic acid and 7,12-
dioxolithocholic acid. This increase in CCS may be the result of the change in a ring carbon’s
hybridization. Re-hybridization around the ring strains the chair structure of the six-member ring
making the ring adopt a half chair conformation with wider internal bond angles, resulting in a
larger CCS value. The position of the double bond also affects how it influences the structure. A
double bond between two ring carbons has a larger effect than between a ring carbon and an
oxygen. The position of the double bond affects the strain in the sterol cores, and therefore results

imn a CCS increase.

3.4. Conclusion

Bile acids provide a crucial role in digestion and metabolism but are typically difficult to
distinguish in LC-MS approaches. To improve the accurate annotation of these molecules, we
report CCS values of bile acids and their adducts. In-depth analysis of CCS sub-class correlations
afford a glimpse into the structural changes that allow separation via ion mobility. This subset of
bile acids provides a step forward for discrimination of these molecules in untargeted metabolomic

studies.
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Lithocholic Acid Dehydrolithocholic Acid
375.29 Da 373.3 Da
198.8 A? 205.4 A2

Cholic Acid 7,12 - Dioxolithocholic Acid
407.28 Da 403.28 Da
202.9 A2 204.1 A2

Figure 3.5. Comparison of (1) lithocholic acid with
dehydrolithocholic acid and (2) cholic acid with 7,12-
dioxolithocholic acid. The difference between each pair
is highlighted in yellow. The addition of the double bond
removes two hydrogens, reducing the m/z ratio, however
the experimental CCS increases with this change This is
also observed with cholic acid and 7,12-dioxolithocholic
acid in which two double bonds are introduced and the
resultant CCS value increases.
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CHAPTER IV

UTILIZING UNTARGETED ION MOBILITY-MASS SPECTROMETRY TO PROFILE

CHANGES IN THE GUT METABOLOME FOLLOWING BILIARY DIVERSION SURGERY

4.1. Introduction

Worldwide obesity has reached epidemic levels, contributing to a decline in the well-being
of many people and drastically increasing public health costs.(1,2) Obesity is continually
increasing in severity and has been associated with health problems such as diabetes, chronic
inflammation, fatty liver disease and cancer. Efforts toward understanding this complex disease
have found contributions related to genetic predisposition, lifestyle, environment, ethnicity,
gender, and even composition of the gut microbiota.(2) Strategies to combat obesity include diet
and lifestyle changes, medication, and bariatric surgery. Of these interventions, bariatric surgery —
namely Roux-en-Y gastric bypass (RYGB) — is more effective than intensive medical therapy at
achieving sustained excess weight loss of about 47% at 5 years and 10 years post-operation.(3,4)
These surgeries also have a desirable, yet unexplained side-effect of improving type-2 diabetes
(T2D) by reducing glycated hemoglobin by ~31% at 1 year and ~21% at 5 years post-
operation.(3,5) RYGB results in dramatic and sustained weight loss and improved glycemic
control via a multitude of mechanisms, one of which is the increased distal delivery of gallbladder
bile in the intestinal lumen and altered enterohepatic circulation of bile acids.(6,7) Bile acids are
synthesized in the liver from a cholesterol precursor and expelled by the gallbladder into the
intestines where they aid in lipid absorption. This suite of molecules also facilitate their own
production through signaling, are involved in glucose metabolism, and act as hormones.(8) We

have previously reported, using mouse models, that RYGB results in satiety, weight loss, changes
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in the gut microbiome, and fat malabsorption in animals fed a high-fat diet.(9) Each of these
changes confounds our understanding of how bile acids modulate enteral glucose handling. To
assess the effects of altered bile flow on intestinal nutrient handing, we developed a murine bile
diversion model in which the common bile duct is sutured closed and the gallbladder bile is
surgically redirected to the duodenum (GB-D), jejunum (GB-J), or 4 cm from the distal ileum (GB-
IL4ist) by anastomosis without any other alterations to gastrointestinal anatomy or alimentary
flow.(9,10) Further, bile diversion 10 cm from the ileocecal valve, a procedure we termed proximal
GB-IL (GB-ILprox), achieved significant improvements in enteral glucose handling without fat
absorption.(7) In these studies, we aimed to identify the bile acids and other fecal metabolites that
differ between the GB-ILdist and GB-ILprox procedures. In particular, we developed a method to
determine which lipids and bile acids may be selectively transported by the 6 cm portion (between
ILdist and ILprox) of the murine gastrointestinal tract (Figure 4.1). Targeted metabolomic methods
have previously been utilized to study bile acids, however, these methods are limited in scope and
do not measure unexpected endogenous metabolites that may also be affected.(11,12) Considering
the multifaceted role of bile acids, the global effects of their dysregulation are also of interest.
The detection of bile acids has previously been reported in plasma but this workflow
requires clean-up, such as solid phase extraction, and derivatization, which is time consuming and
inherently limits the nature and amount of molecules analyzed.(7,9) Herein, we report a global,
untargeted ultra-performance liquid chromatography-ion mobility-mass spectrometry (UPLC-IM-
MS/MS) method to rapidly detect a suite of endogenous metabolites, including bile acids, extracted
from feces with minimal sample preparation. The additional dimension of IM separation allows

for the discrimination of co-eluting and isobaric metabolites in complex mixtures, which
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Figure 4.1. Schematics of the distal GB-IL;, (A) and

proximal GB-IL___ (B) bile diversion surgeries

prox
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enables high confidence characterization and identification.(13-18) IM-MS profiling has
previously been demonstrated to separate multiple biological classes in complex biological
samples.(19-24) The approach described herein, is an optimized UPLC-IM-MS/MS method that
capitalizes on the increased separation capacity (LC dimension combined with IM dimension) to
fully characterize extracted fecal metabolites. We demonstrate the utility of this method by
investigating the qualitative changes of endogenous metabolites observed in biliary diversion
surgery and controls. In addition to describing previously identified metabolite fluctuations, we
also observed unexpected metabolic pathways that may also be affected by bile diversion. These
conclusions both support and expand upon current knowledge of affected metabolites, and suggest

a wide breadth of biological consequences resultant of biliary diversion.

4.2 Experimental Methods
The untargeted metabolomic scheme utilized in this work is shown in Figure 4.2 and is

further described in the following sections.

4.2.1. Standards and Chemicals.

Optima grade acetonitrile and water were purchased from Fisher Scientific
(Loughborough, UK). Ammonium acetate was purchased from Sigma Aldrich (Dorset, UK).
Formic acid was purchased from Fluka (Buchs, Switzerland). Bile acid standards, including: tauro-
alpha-muricholic acid (T-o-MCA), tauro-beta-muricholic acid (T--MCA), tauro-omega-
muricholic acid (T-o-MCA), alpha-muricholic acid (a-MCA), beta-muricholic acid (B-MCA),
taurohyocholic acid (THCA), glycoursodeoxycholic acid (GUDCA), tauroursodeoxycholic acid

(TUDCA), hyocholic acid (HCA), taurohyoxydeoxycholic acid (THDCA), taurocholic acid
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Figure 4.2. Flowchart depicting the individual steps taken for each of the processes of metabolite extraction, data
acquisition, and data analysis utilized in this work. Representative times for each process are shown.
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(TCA), cholic acid (CA), ursodeoxycholic acid (UDCA), hyodeoxycholic acid (HDCA),
glycodeoxycholic acid (GDCA), taurodeoxycholic acid (TDCA), chenodeoxycholic acid (CDCA),
and deoxycholic acid (DCA) were purchased from Steraloids, Inc. (Newport, RI). Standard
solutions of these twenty bile acids were prepared at concentrations of 0.5 nM, 10 nM, 50 nM, 100
nM, 500 nM, 1,500 nM, 5,000 nM, and 10,000 nM in a solution of 20% (v/v) acetonitrile (ACN)

and water.

4.2.2. Surgery and Fecal Collection.

Male C57BL/6J mice (Jackson Labs; Bar Harbor, ME) were housed at 23°C on a 07:00-
19:00 light cycle and were fed a high fat diet (60% kcal from fat; Bio-Serv, Frenchtown, NJ),
starting at six weeks of age for 12 weeks prior to being randomly allocated to a surgical group.
The GB-ILdist procedure, where the gallbladder was anastomosed 4 c¢cm from the cecum, was
carried out as previously described.(9) The GB-ILprox surgery was performed in an identical
manner with the exception of gallbladder anastomosis 10 cm from the ileocecal valve.(9,10) Fecal

pellets were collected by hand and stored at -80°C prior to sample preparation.

4.2.3. Fecal Metabolite Extraction, Preparation and UPLC-IM-MS Analysis.

Fecal pellet samples were thawed on ice prior to extraction. A 25 mg sample of fecal
material was mixed with 75:25 (v:v) ACN:H20 (1 mL). Samples were sonicated for 30 seconds
on ice to break up solid particulates, then vortexed and incubated at -20°C for 2 hours. Following
incubation, the solution was centrifuged (4°C, 12,000 rpm, 10 min) and the supernatant was
removed. Aliquots were subsequently dried in vacuo using a speedvac (Thermo Scientific) and

stored at -80°C until analysis. Prior to analysis, dried extracts were reconstituted in 100 puL of 80:20
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(v:v) ACN:H20. To assess instrument reproducibility, a pooled sample was made by combining
20 pL of each individual resuspension sample to serve as a quality control (QC) sample.
Reconstituted metabolite extracts were transferred to auto sampler vials for UPLC-IM-MS
analysis.

Ultra-Performance Liquid Chromatography-lon Mobility-Mass Spectrometry (UPLC-IM-
MS). Chromatographic separation was performed using a Nano Acquity (Waters Corporation,
Manchester, UK) fitted with an Acquity UPLC HSS column (T3, 1.8 uM). The IM-MS instrument
(Synapt G2, Waters, Milford, MA, USA) was controlled by MassLynx (version 4.1, Waters).(25)
Source conditions were optimized for individual bile acids via direct infusion prior to LC
optimization. Bile acids were measured in negative mode with a capillary voltage of 2.2 kV. A
bile acid mixture was prepared and chromatography gradients were tested to determine optimal
chromatographic conditions for LC separation of the twenty bile acid standards (Figure 4.3).
Solvent A consisted of 80:20 (v:v) H2O:ACN with 10 mM ammonium acetate and solvent B was
20:80 (v:v) H20:ACN with 10mM ammonium acetate. In the analysis of the fecal extracts, the
total analysis time was 30 minutes with a flow rate of 75 pL/min. The solvent gradient started at
5% solvent B and increased to 15% B from 0 to 15 min, increased to 25% B from 15 to 20 min,
increased to 75% B from 20 to 22 min, and then decreased to 5% B from 22 to 24 min where it
was held for the remainder of the run from 24 to 30 min. A heated column jacket sleeve controlled
the temperature at 45°C.

To determine IM drift times (DT), used to calculate collision cross sections (CCS), for bile
acids were collected individually via direct infusion on three different days. The flow rate was set
to 10 pul/min with the electrospray voltage set to 2.3 kV. Desolvation temperature is set to 325 °C.

The traveling wave ion mobility cell was operated at a pressure of 3.35 (mbar) N2 with a wave
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Figure 4.3. (A) Overlays of the negative-polarity extracted ion chromatograms of the bile acid standards
separated using the optimized method. The colors represent the specific m/z extracted ion chromatograms shown.
(B) Experimental evidence for reference standards including m/z retention time, and CCS are shown. Labels in
(A) correspond to the specific bile acid codes in (B).
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velocity of 650 m/s and a transfer wave height of 4 V. The trap and transfer cells were operated at
2.90 x 102 and 1.00 x 10 mbar, respectively. A calibration solution containing 10 pl/ml
polyalanine was acquired prior to the bile acid data acquisition each day, and CCS were calculated
using DriftScope v2.5.

The MS was operated in both negative and positive electrospray ionization MSE modes for
both reference standards and fecal samples. The source temperature was maintained at 100 °C, and
desolvation temperature at 300 °C. Ion mobility separation in the drift cell was performed in
nitrogen gas at a flow rate of 90 mL/min. The traveling wave cell was operated at a pressure of
3.29 (mbar) with a wave velocity of 650 m/s and a transfer wave height of 4 V. The trap and
transfer cells were operated at 2.18 x 102 and 2.29 x 10”2 mbar, respectively. Mass calibration was
performed using sodium iodide. Lockspray was collected at masses of 554.26 Da and 556.27 Da,
corresponding to leucine enkephalin [M-H] and [M+H]", respectively, and applied during data
analysis. In fragmentation mode, all ions were activated in the collision induced dissociation cell
(i.e. MSE was utilized).

4.2.4. Data Analysis

Data analysis was performed using Progenesis QI software (version 2.3, Nonlinear
Dynamics, New-castle, UK). Default parameters were used for retention time alignment, peak
picking, and peak deconvolution. Spectra were normalized to all compounds. Data were filtered
for covariance (CV) <30% in QC pool technical replicate injections. A prioritized compound list
was generated via a one-factor ANOVA, with GB-D samples set as the control group against GB-
ILprox and GB-ILdist groups. Compounds were considered significant if p-value < 0.01 and fold

change > |2.0|. Significant compounds were selected for metabolite identification.
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Metabolites were identified using an established classification system as previously
described by Schrimpe-Rutledge and coworkers.(26) In brief, metabolites were assigned a
confidence level based on a scale of 5—1 (1 being the most confident) with increased confidence
in annotation requiring increased supporting evidence (e.g., accurate mass, fragmentation pattern,
and retention time matching with standards). This approach incorporates separation descriptors
(RT, DT) as well as structural descriptors (MS, MS/MS). Measurements for each applicable
descriptor were used to score annotations and provide a confidence metric. Following this system,
identifications were made based on similarity to reference data found in in-house and online
databases (Metlin, NIST, Chemspider). Scores were calculated by Progenesis based on mass error
(<20 ppm), isotope similarity, and fragmentation spectra when applicable. In cases where multiple
metabolites were possible candidates for a single feature, the metabolite(s) with the highest score
was selected as the tentative annotation. IM drift time was used to distinguish bile acids in cases
in which they co-eluted.

Data is available at the NIH Common Fund's National Metabolomics Data Repository
(NMDR) website, the Metabolomics Workbench, https://www.metabolomicsworkbench.org
where it has been assigned Project ID (PR000836). The data can be accessed directly via it's Project

DOI: (10.21228/M8MQ2G). This work is supported by NIH grant U2C-DK119886.

4.3. Results and Discussion
4.3.1. Bile Acid Separation Optimization.

One of the primary challenges in the mass spectrometric analysis of bile acids is the large
redundancy of isobaric species that are commonly encountered.(27) While ion mobility

separations can separate many isobaric species,(28-30) LC-IM-MS offers increased peak capacity
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and an additional analytical descriptor and thus was chosen for the untargeted fecal metabolite
analyses of these complex mixtures.(31-33)

In addition to LC retention times, MS/MS fragmentation spectra and IM CCS values were
collected for each of the reference standards (Figure 4.3B). Fragmentation patterns from collision
induced dissociation (CID) of most isomeric bile acids are indistinguishable, thus identifications
based on fragmentation data alone is difficult. However, CCS measurements were often able to
differentiate isomers and were used to aid in identifications. Extracted ion chromatograms of the
matrix-free bile acids standards are shown in Figure 4.3A. The majority of the bile acid isomers
(18/20) were resolved by the RPLC gradient presented, including the stereoisomers of a-, B-, and
o-muricholic acid as well as their conjugates. Although chenodeoxycholic acid and deoxycholic
acid co-cluted, these analytes were separated in the ion mobility dimension (i.e., distinct CCS
values) and hence could be experimentally distinguished (Appendix Figure C.1.). Experimental
data acquired from the bile acids was used to generate a bile acid database containing collision
cross section (CCS), retention time (RT), and accurate mass. In these studies, this annotated in-
house database was used to assign co-eluting bile acids with increased confidence. Traveling wave
collision cross sections (TWIM) and relative standard deviation can be found in supplemental data
(Appendix Table C.1.). The calculated TWIM CCS values are observed to be higher than the
reported drift tube ion mobility values found in the compendium.(23) These results have an
average percent difference <6% which is in agreement with results reported by Ridenour et al, in
that an average percent difference of 7% can be expected when your mobility cell is calibrated
with molecules structurally different than your analytes(34).

4.3.2. Global, Untargeted Analysis of Fecal Metabolite Profiling.
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In a preliminary study, the optimized bile acid method was applied to control mouse fecal
samples. In addition to being able to identify 9 bile acids (and bile acid-like molecules), this global,
untargeted method facilitated the detection of a variety of compounds including lipids, amino ac-
ids, and peptides (Appendix Table C.2.). These findings demonstrated that the optimized bile acid
separation method is applicable for comparative analyses complex biological investigations.
4.3.3. Application of the Untargeted LC-IM-MS Method to Mouse Feces following Bile
Diversion Surgery.

Three groups of mice underwent biliary diversion surgery to various degrees. The first
group was a control in which an incision was made but no diversions were performed (group
labeled as GB-D), the second group received bile diversion 10 cm from the ileocecal valve (group
labeled as GB-ILprox), and the third group received the bile diversion 4 cm from the ileocecal valve
(group labeled as GB-ILdist). The metabolite extraction protocol was performed on collected feces
for each group (n = 5 mice per sample group). Using the described UPLC-IM-MS method, the
complex mix of fecal metabolites were chromatographically resolved, detected, and annotated.

Many compounds emerged as statistically significant in pairwise comparisons against the
GB-D group (GB-ILprox vs. GB-D and GB-ILdist vs. GB-D). In positive ion mode, 9,255
compounds were detected with 1,093 compounds meeting the significance criteria (p-value <0.01
and a fold change > |2.0|) between the GB-D and GB-ILdist groups, and 102 significant between
the GB-D and GB-ILprox groups. Of the 1,801 compounds detected in negative mode, 181
compounds met significance criteria between GB-D and GB-ILdist, while only 12 were found to be
significant be-tween GB-D and GB-ILprox groups. A PCA score plot is shown in Figure 4.4A
revealing minimal separation between GB-D and GB-ILyrox. However, the separation between the

former groups and the GB-ILuist cluster reveal a unique GB-ILdist metabolomic profile. Positive ion
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Figure 4.4. (A) The unsupervised principal component analysis (PCA)
displaying biological replicates of the fecal sample of each sample group.
Each point represents one biological replicate while color represent a
complete sample group. The GB-D and GB-ILprOX samples show close

similarities by clustering near each other, while GB-IL ., samples segregate

in distinct clusters. (B) Pair-wise comparison was performed between the
diet-induced obese mice (GB-D) and surgical GB-IL ;,, or GB-IL prox mice to
create volcano plots from the untargeted metabolomics data. Compounds of
interest were prioritized using significance criteria (p-value < 0.01 and fold
change > 2), visualized in the upper, outer corners of the volcano plots.
(Negative mode data shown).
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mode data is shown in Appendix Figure C.2. revealing a similar trend in group separation.

Compounds were prioritized using pairwise comparisons relative to GB-D to determine
significant dysregulation of the sample groups. Figure 4.4B (and Appendix Figure C.2.) displays
volcano plots that highlight significant compounds in pairwise comparisons of GB-D versus GB-
ILdist or GB-ILprox samples. The subsets of significantly dysregulated metabolites were searched
against the in-house bile acid database to evaluate potential changes in bile acid abundance;
relative bile acid intensities were compared between groups (Figure 4.5). Similar to the results
outlined in the PCA, the bile acid profile of the GB-D group and the GB-ILprox group were similar,
however the GB-ILdist group has several differences. Specifically, a-muricholic acid and
chenodeoxycholic acid show a significant decrease, while cholic acid and taurocholic acid are
increased. In addition to noticeable changes in the composition of bile acids and their derivatives,
the abundances of other metabolites were observed to be statistically significant, these include:
vitamin derivatives, fatty acids, and cholesterol derivatives. Lists of tentatively identified
metabolites are included in Appendix Tables C.3.—C.6.

To associate altered metabolite abundances with their respective biological pathways,
predictive network activity analysis was performed using Mummichog.(18,26,35) The
Mummichog algorithm uses the accurate mass of m/z features to map candidate metabolites to
metabolic networks, calculating local enrichment of metabolites to distinguish those networks
from a stochastic distribution of likely false activity. In these analyses, we were able to correlate
metabolic function with dysregulation in bile acid biosynthesis, vitamin A, D3, and E metabolism,
arachidonic acid metabolism, leukotriene metabolism, and steroid hormone bio-synthesis with the
GB-ILdist surgery (Figure 4.6). These results are consistent with measured fluctuations of specific

metabolites as significant changes were observed in bile acid concentration and lipid soluble
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molecules. The enterohepatic circulation system was perturbed after biliary diversion surgery, so
it was anticipated to affect numerous small molecules involved in emulsion and mixed micelle
formation. The decrease in total fecal bile acids and the increase in lipid content also point to
emulsion or mixed micelle formation. Additional significant changes were also observed for
pathways not directly involved with bile acid circulation, for example steroid hormone
biosynthesis. These results suggest that the developed global, untargeted method can be used to
elucidate perturbed pathways without a priori knowledge.

Alterations and fluctuations in the bile acid biosynthesis and conjugation pathways in the
GB-ILdgist sample group were in agreement with knowledge that enterohepatic circulation is
affected. Bile acids form emulsions with phospholipids and triacylglycerols prior to absorption
through the small intestines. Disrupting this process greatly reduces lipid and lipophilic molecule
absorption. It is important to note that 95% of bile acids are recycled via enterohepatic circulation;
fecal samples were received four weeks after the procedure, which may account for this observed
decrease. Considering that the emulsion and mixed micelle formation is disturbed, many of the
bile acids would be excreted, and hence there would be a drastic decrease observed after four
weeks, because fewer bile acids would be recycled over time. Bile acids are synthesized from
cholesterol, and disruption of the enterohepatic circulation can result in decreasing endogenous
cholesterol and cholesterol derived metabolites, as the body might attempt to account for the loss
by synthesizing larger quantities. These results could explain why steroid hormone biosynthesis
emerged as a significantly altered pathway (Appendix Figure C.3.), as increasing bile acid
production would draw more from the overall cholesterol pool. With more cholesterol being

utilized for the synthesis of bile acids, other hormones derived from cholesterol were affected.
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4.4. Conclusion

In conclusion, we report a UPLC-IM-MS method that can be used to identify relative
changes in bile acid abundance, as well as detect dysregulation of other small molecules that may
contribute to observed phenotypical changes in the gut. The described method was able to observe
expected pathways in the gastrointestinal system, and also reveal pathways that have not been
previously explored. Taken together, these data demonstrate the utility in using UPLC-IM-MS

analyses for studying gastrointestinal disease/treatment.
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CHAPTER V

CONCLUSIONS AND FUTURE DIRECTIONS FOR ION MOBILITY-MASS

SPECTROMETRY BASED METHODS TO PROBE THE GUT MICROBIOME

5.1. Summary

As the field of systems biology matures, the need of a rapid separation technique emerges
as a necessity to analyze molecules from vast chemical classes simultaneously. The technique is
required to have high throughput, good separation capacity, and high sensitivity. In systems
biology, it is recognized that changing molecules will have wide ranging effects. In order to fully
understand the interconnectivity of biological molecules, multiple classes will need to be analyzed
simultaneously, including, lipids, peptides, nucleotides, and other small molecules. This becomes
an arduous task as these classes have different chemical motifs and conditions in which these
molecular classes are extracted can vary widely. For example, lipidomic and metabolomic analyses
are typically processed separately. In addition to them having different extraction protocols,
traditional instrument conditions and buffers used are incompatible. To address this, we use
buffers compatible to both fields, allowing the solvation of non-polar lipids without sacrificing
more polar metabolites. However, redundancy of m/z ratio becomes more of a challenge with an
increase in small molecules dissolved. This is where ion mobility—mass spectrometry excels. This
technique addresses the redundancy by providing an additional dimension of separation focusing
on the structural uniqueness of these classes. This supports the integration of multi-omic analysis

by allowing the simultaneous analysis of multiple biological classes.
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The separation capability of ion mobility mass spectrometry was discussed in Chapter 1.
The ability to nestle ion mobility between traditional liquid chromatography and mass
spectrometry techniques enhances the ability to separate molecules that are difficult to distinguish
by either techniques alone. It provides complementary size and mass separations into a single
platform that functions on the millisecond time scale. As mentioned in the previous paragraph,
there is great chemical diversity between biological classes. This diversity makes use of a
traditional separation technique difficult, as different classes require the selection of various
columns (revere phase, HILIC, chiral, etc). In contrast, during IM-MS analysis, classes of
biological molecules separate into different conformational spaces. Biological molecules travel
through a mobility cell at speeds correlating to the number of inert gas collisions they experience.
This allows the separation of molecules dependent on their gas-phase packing efficiency. This
increase in separation capacity allows for the integration of all biological classes within one
experimental method.

Previous applications of IM-MS in the fields of proteomics, metabolomics, and lipidomics
have been discussed in Chapter 1. Cases that highlight multidimensional separation are shown to
enhance the feature identification as well as reduce redundancy for molecules with similar m/z and
polarity. This allows the data to drive the biology. Instead of focusing on just one area of the
metabolome, you can survey across all molecules and discover interesting features to focus on in
later analyses.

Current trends and the direction that the field is heading was discussed in Chapter I, and a
proof-of-concept application of these trend discussed in Chapter II. This presented the first true
use of an IM-MS method in the investigation of the mechanism of action for cisplatin. A simple

liquid chromatography method was developed for IM-MS analysis of metabolites after exposure
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to cisplatin. This work was performed in parallel to proteomic, transcriptomic, and biological
assays and then stitched back together. The extraction protocols did not call for any metabolite
derivatization, so most small molecules were preserved and could be analyzed simultaneously.
This work demonstrated the ability of a LC-IM-MS/MS metabolomics in an multi-omic study to
determine perturbed pathways. In this, the field of systems biology has a model with which ion
mobility mass spectrometry based metabolomics plays a central role.

Shifting gears from the workflow developed in Chapter II, Chapter III focused on the
analysis of a class bile acids, small molecules found primarily in the enterohepatic circulation
system. Many bile acids are isomers of each other and therefor difficult to distinguish in mass
spectrometry as they have identical m/z and their polarities make them difficult to separate using
liquid chromatography techniques as well. However, due to the gas phase interactions between the
sterol and the tail, ion mobility allows these bile acids to be distinguished. This study validated
that ion mobility is useful for separating problematic isomers. Bile acid cross sections are then
used to populate a CCS compendium to aid in the identification of compounds in complex
biological mixtures.

Building upon the workflows developed in Chapter II and conformational understanding
gained in Chapter III, Chapter IV focused on the application of this methodology in a
gastrointestinal system. The workflow developed was a global, untargeted metabolomic workflow
that utilizes four descriptors (retention time, drift time, m/z, and fragmentation) to identify changes
that are the result of biliary diversion surgery on mice. Fecal profiles of healthy controls were
constructed from this metabolomic data and compared to two experimental surgical groups. In
this, biological changes that result from bile acid dysregulation was discovered. A noted effect is

how it alters the production of cholesterol derived steroids. Ion mobility provided increase
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separation capacity allowing isobaric bile acid species to be distinguished. This is novel in that
this untargeted method allowed metabolites outside of the scope of the experiment to be detected
and further studied. This supports the notion that ion mobility- mass spectrometry methods that
focus on metabolomics can be used to drive systems biology.

Workflows described in this dissertation support the separation and analysis of metabolites
derived from a complex sample aimed towards using this as a tool to understanding the
microbiome. In particular, the ability to build and compare fecal profiles demonstrates the potential
for this to be used to better understand the malabsorption of small molecules.

5.2. Future Directions

As mentioned throughout this dissertation, future direction lies in assigning confident
metabolite identification and using it to strengthen systems biology studies. This will have to
incorporate a multi-omic approach. Metabolomics pairs nicely with proteomic and genomic
studies as they can be performed parallel. This aids understanding how changes in one omic fields
influence others. Aspects of this type of research has been performed more recently. In this setion,
I will highlight some studies that have used similar methods in multi-omic experiments to analyze
the cause of gastrointestinal perturbations.

The utility of an untargeted metabolomic method for identifying changing gastrointestinal
metabolites has been demonstrated in Chapter IV. The gut metabolome profiles, together with
other omic data, can to be used to understand the interactions between the host and microbiota
flora. This has been seen in studies by Yu Gu et al. (1) In this study, metabolomic data generated
using gas chromatography is combined with 16s rDNA profiling of the cecum contents of mice.
In it, metabolomic differences were found between obesity-prone mice and obesity-resistant mice.

These differences were mostly lipids, or metabolites involved in glycolysis, amino acid
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metabolism, and the TCA cycle. It is important to note that in order to use the gas chromatography
system, metabolites had to be derivatized prior to being run, therefore it is possible that many small
molecules may have been missed after the derivatization process. There is a distinct microbiota
profile that was found to be correlated to obesity. When looked at together, the increase of a
particular class of bacteria, Parasutterella from the Proteobacteria phylum, correlated with many
of the altered metabolites, suggesting that this class is essential to obesity.

This can also be used to understand the gastrointestinal disorders. One such study by Dr.
Katrine Whiteson and colleagues studied the effects of the gut microbial, virome, metabolome
after fecal transplantation in children affected by ulcerative colitis.(2) Samples from healthy adult
patients are compared to children before and four weeks after fecal transplantation. DNA and small
molecules are extracted directly from fecal samples. Untargeted metabolomics via gas
chromatography is utilized to profile the metabolome. In their results, this group found that as
many 3 of the 4 patients metabolomic profiles shifted towards the donor profiles after fecal
transplantation. Clinical recovery increased as patients metabolome moved closer to the donor. In
the one patient that did not have significant metabolomic alteration, lower clinical improvement
was also seen, even though their microbiome had shifted towards the donor. This gives credence
to the fact that the microbiome alone is not responsible for the development of this disorder, but
also that metabolomic studies can support the understanding of the gut environment.

In our lab we collected preliminary data focused on the effect that changing diet has on
both the gut metabolome and the microbiota. In this study, performed in collaboration with Dr.
Bordenstein at Vanderbilt University, we have performed a multi-omic study combining
metabolomic, genomic, bacteriomic data to build gastroinstrointestinal profiles before and after

diet change. The LC-IM-MS developed utilized in Chapter IV is used on human fecal samples to
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yield metabolomic profiles. 16s rDNA is utilized to profile the changes in the microbiota. In this
study, the effects that a changing diet has on the microbiota is explored. Patients go from a western
diet, to a plant based diet for six days, and then back to a western diet. Fecal samples are collected
at before, during, and after the diet change. Using the techniques described in this dissertation, a
method to analyze extracted metabolites. Figure 5.1 shows self-organizing maps created to track
metabolomic changes for individual patients through the course of the study. Although the data
has been collected, and some profiles made, we are still in the process of analyzing the full dataset,
and have not begun to correlate metabolomic changes with genomic and microbiota data. These
studies bridge our method with the future of multiomic microbiome analysis.

5.3. Conclusions

Liquid chromatography, ion mobility, and mass spectrometry techniques have been
explored in the support of systems biology. The history and current uses of ion mobility as
separation technique has been explained with an emphasis on the biological fields of lipidomics,
proteomics, and metabolomics. Focusing on metabolomics, IM-MS aids in the classification
unknown molecules into biological classes based on their coordination on a mobility plot (using
the m/z and CCS values together). This provides increased confidence in the validation of small
molecules and the identification assigned to them, allowing for more biological information to be
gleamed from metabolomic analysis, besides simply identifying biomarkers.

Chapter II focused on utilizing metabolomic data in a multi-omic study. In it, four
descriptors were assigned (retention time, drift time, m/z, and fragmentation) and used to more
accurately assign identification to small molecules. These identified molecules combined with
proteomic and genomic data to build a mechanism of action for cells exposed to cisplatin. The

method described in Chapter II served as a proof of concept studied, and was then used in to
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Figure 5.1. Displayed preliminary data of gut metabolites
visualized as self-organizing maps (SOM). These are created
using the GEDI software in which features that have similar
patterns are grouped together and communal changes over time
are observed. Boxed areas represent features that changed in
relation to an individual over time.
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develop a method for Chapters IV, focusing on probing the gut metabolome. These same
descriptors are used to assign identification to features of interest, with the cross section of bile
acids determined in Chapter II1. The untargeted LC-IM-MS workflow designed in this dissertation
is novel in that it is focusing on the metabolomic differences of the gut and the effects these
changes will have on both the host and the microbiota community. The complex interactions
between the bacteria that populate the gastrointestinal tract and the organism in which they reside
can only be understood through a multi-omic approach, and this method provides the means in
which the metabolomic arm can be accomplished. In this, little alteration to extracted small
molecules is needed and a board range of biological classes are covered.
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Table B.1. Bile acid CCS values measured in this work. [M-H]- CCS values (reported with standard deviation from n=3 measurements taken on 3
separate days) were measured in negative ionization mode while all other adducts were measured in positive ionization mode

Molecule Molecular Molecule [M-H] [M+Na]* [M+H-H.0]* [M+H-2H:0]* [M+H-H2S04]* [M+H-H2S04-H:0]* [M+H-H2S04-2H.0]* [M+H-
Formula Weight A A A A A A A 2(H2S04)]*
(Da) A
12-dehydrocholic acid C24H3805 406.27 204.0+0.3 204.6+0.3 191.2+0.3 186.6+0.0 - -- - -
3,6-diketocholic acid C24H3604 388.26 200.8+0.3 218.8+0.3 188.8+0.3 184.7+0.3 - -- - -
3,7,12-tri-betacholanic acid C24H3405 402.24 209.6+0.3 201.240.2 188.5+0.2 185.3+0.3 - - - -
3,7-dioxy-5B-choanoic acid C24H3604 388.26 206.0£0.1 201.84+0.3 185.0+0.2 182.2+0.1 - - - -
3-ox0-12a-cholic acid C24H3804 390.28 200.6+0.3 192.1+0.2 191.5+0.3 182.1+0.3 - -- - -
3-oxocholic acid C24H3805 406.27 205.4+0.1 201.5£0.1 186.2+0.2 182.5+0.2 - -- -- -
3B, 7a, dihydroxy-5B-cholanic acid C24H39D0O4 406.27 202.610.2 210.0£0.2 - 186.5+0.0 - -- -- -
7,12-dioxolithochoilc acid C24H3605 404.26 204.1£0.4 204.8+0.1 194.9+0.3 185.5+0.2 - - -- -
7-ketodeoxycholic acid C24H3805 406.27 204.0+0.3 204.5+0.2 204.8+0.3 186.6+0.2 - - -- -
7a, 12q, dihydroxy-5B-cholanic acid | C24H4004 392.30 200.5+0.1 203.7+0.2 - 186.4+0.1 - -- -- -
Apocholic acid C24H3804 390.28 202.9+0.3 202.41+0.2 190.7+0.2 184.5+0.3 - - - -
a-Muricholic acid C24H4005 408.29 203.740.2 222.840.1 - 187.4+0.2 - - -- -
B-Muricholic acid C24H4005 408.29 200.6+0.2 222.60+.1 201.3+0.2 192.4+0.1 - - -- -
Chenodeoxycholic acid C24H4004 392.29 202.240.1 202.8+0.2 - 186.9+0.2 - - -- -
Dehydrodeoxycholic acid C24H3604 388.26 209.5+0.4 197.5+0.1 188.0+0.2 182.2+0.2 - - - -
Dehydrolithocholic acid C24H3803 373.28 205.40.1 201.40.1 - - - - - -
Hyocholic acid C24H4005 408.29 202.6+0.1 218.410.2 199.6 203.3+0.1 - - -- -
Hyodeoxycholic acid C24H4004 392.29 199.1+0.2 219.1+0.2 - 186.8+0.1 - - — -
Lithocholic acid C24H4003 376.30 198.8+0.4 214.8+0.3 191.6+0.3 - -- - - -
Murideoxycholic acid C24H4004 392.29 200.1£0.3 222.5+0.3 - - -- - - -
Glycocholic acid C26H43N0O6 465.31 202.1£0.2 202.8+0.1 197.410.2 196.9+0.2 - - - -
Glycodeoxycholic acid C26H43NO5 449.31 199.7+0.1 207.6+0.4 207.2+0.2 204.2+0.2 - - — -
Glycolithocholic acid C26H43N0O4 433.32 199.410.1 211.6£0.2 209.2+0.2 -- - - - -
Glycoursodeoxycholic acid C26H43NO5 449.31 201.0+0.2 211.1+0.3 -- 202.8+0.5 -- -- - -
Taurochenodeoxycholic acid C26H45N06S 499.30 207.1£0.1 -- -- 218.710.1 -- -- - -
Taurocholic acid C26H45N0O7S 515.29 207.4£0.2 211.1£0.2 204.60.2 200.7+0.1 - -- -- -
Taurohyocholic acid C26H45N0O7S 515.29 208.3+0.2 213.340.2 206.2+0.1 206.7+0.3 - -- - -
Taurohyodeoxycholic acid C26H45N0O6S 499.30 206.2+0.1 206.7+0.2 204.5+0.1 204.5+0.2 -- -- - -
Taurolithocholic acid C26H45N0O5S 483.30 206.310.1 214.240.3 219.3+0.3 - - - - -
Tauroursodeoxycholic acid C26H45N06S 499.30 207.5+0.1 216.4+0.3 - 202.6+0.2 - - - -
Tauro-a-muricholic acid C26H45N0O7S 515.29 209.310.1 213.1+0.4 -- 201.240.3 - -- -- -
Tauro-B-muricholic acid C26H45N0O7S 515.29 209.5+0.2 218.310.3 203.240.2 203.3+0.3 - - -- -
Tauro-w-muricholic acid C26H45N0O7S 515.29 209.3£0.0.1 | 221.9+3.1 209.240.2 201.940.2 - - -- -
Ursodeoxycholic acid C24H4004 392.29 198.1+0.2 - - 186.80.1 - -- -- -
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Molecule Molecular Molecule [M-H] [M+Na]* [M+H-H.0]* | [M+H-2H.O]* [M+H-H.S0.]* [M+H-H.S04-H.0]* [M+H-H,S0.-2H,0]* [M+H-
Formula Weight A A A A A A A 2(H2S04)]*
(Da) A
Chenodeoxycholic acid 3-sulfate C24H4007S 472.25 204.5£0.1 -- -- -- -- 186.7+0.2 - --
Chenodeoxycholic acid 7-sulfate C24H4007S 472.25 214.3+0.3 -- -- -- -- 186.6+0.1 - --
Cholic acid 12-sulfate C24H4008S 488.24 207.740.3 - - - - 190.3+0.1 186.410.1 -
Cholic acid 3-sulfate C24H4008S 488.244 208.610.3 - -- -- - 189.6+0.2 186.1+0.2 -
Deoxycholic acid 17-sulfate C24H4007S 472.25 206.0+0.2 -- -- -- -- 187.4+0.2 -- --
Deoxycholic acid 3-sulfate C24H4007S 472.25 207.9+0.3 -- -- -- -- 187.4+0.2 -- --
Lithocholic acid 3-sulfate C24H4006S 456.25 210.84+0.2 - - - 191.610.1 - - -
Glycocholic acid 12-sulfate C26H43N0O9S 545.27 212.41+0.0 207.840.2 - - - 204.5+0.2 196.9+0.1 -
Glycocholic acid 3-sulfate C26H43N0O9S 545.27 215.9+0.3 - - - 211.40.2 200.610.2 196.60.2 -
Glycochenodeoxycholic acid 3- C26H43N0O8S 529.27 215.240.3 - - - 203.6+0.3 201.9+0.3 - -
sulfate
Glycodeoxycholic acid 12-sulfate C26H43N0O8S 529.27 212.940.2 - - - 202.8+1.2 204.5+0.5 - -
Glycolithocholic acid 3-sulfate C26H43NO7S 513.28 216.2+0.3 - - - 209.0+0.1 - - -
Taurochenodeoxycholic acid 3- C26H45N09S2 579.25 215.6+0.3 -- -- -- -- 202.5+0.3 -- --
sulfate
Taurolithocholic acid 3-sulfate C26H45N08S2 563.26 214.7+0.3 219.5+0.2 - - 219.410.1 - - -
Chenodeoxycholic acid, disulfate C24H40010S2 552.21 224.7+0.1 -- -- -- -- -- - 186.9+0.1
Glycochenodeoxycholic acid C26H43N0O11S2 609.23 223.7+0.3 -- - - -- -- -- 206.5+1.1

disulfate

112




APPENDIX C

SUPPLEMENTARY MATERIAL FOR CHAPTER III

C.1. Supplemental Materials for Utilizing Untargeted Ion Mobility-Mass Spectrometry to
Profile Changes in the Gut Metabolome following Biliary Diversion Surgery
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Figure C.1. Arrival time distribution for chenodeoxycholic acid and deoxycholic acid in negative ion mode.
This demonstrates the ability of ion mobility to separate this pair of isomeric bile acids. The structure is
displayed to illustrate the location of the hydroxyl group that differentiates chenodeoxycholic acid and
deoxycholic acid.
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Figure C.2. (A) The unsupervised principal component analysis (PCA) displaying biological replicates of
the fecal sample of each sample group. Each point represents one biological replicate while color represent
a complete sample group. The Sham and GB-IL:x samples show close similarities by clustering near each
other, while GB-ILgis samples segregate completely. (B) Pair-wise comparison is performed between the
diet induced obese mice (DIO) and surgical GB-ILgis or GB-IL,:0x mice to create volcano plots from the
untargeted metabolomics data. Compounds of interest are prioritized using significance criteria (p-value <
0.01 and fold change > 2), visualized in the upper, outer corners of the volcano plots.
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Figure C.3. Overview of the steroid hormone biosynthesis pathway. Metabolites shaded
red are tentatively annotated as a molecule of interest. Significant metabolites in this
pathway include: 1. Tetrayhydocorticosterone; 2. Sa-Pregnane-3,20-dione; 3.
Etiocholanolone; 4. Androsterone; 5. 22b-Hydroxycholesterol; 6. 20a-Hydroxycholesterol;
7. 3a,21-Dihydroxy-5b-pregnane-11,20-dione; 8. Estriol; 9. Pregnenolone; 10.
Dihydrotestosterone; 11. 16-Glucuronide-estriol; 12. 21-Hydroxypregnenolone; 13.
Progesterone; 14. 20a-Dihydroprogesterone; 15. Aldosterone; 16. 17a, 20a-
Dihydroxypregn-4-en-3-one; 17. 11b,17a,21-Trihydroxypreg-nenolone; 18. 11b,21-
Dihydroxy-3,20-0x0-5b-pregnan-18-al; 19. Cortisol; 20. Cortisone; 21. 17a,21-Dihydroxy-
Sb-pregnane-3,11,20-trione; 22. 18-Hydroxycorticosterone.
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Table C.1. Supplemental table showing name, m/z, retention time, adduct type,
travelling wave collision cross section, and relative standard deviation of bile acid
standards.

Bile Acid m/z | RT. | Adduct | TWIM CCS | RSD
(min) A?

Ursodeoxycholic acid 391.27 | 22.49 | [M-H] 209.02 2.07
Hyodeoxycholic acid 391.27 | 23.29 | [M-H] 210.93 1.97
Chenodeoxycholic acid | 391.27 | 24.76 | [M-H] 209.78 1.98
Deoxycholic acid* 391.27 | 24.76 | [M-H] 205.18 2.05
o- muricholic acid 407.28 | 14.19 | [M-H] 211.35 1.92
- muricholic acid 407.28 | 15.10 | [M-HT 210.92 1.91
Hyocholic acid 407.28 | 19.56 | [M-H] 210.02 1.09
Cholic acid 407.28 | 22.23 | [M-H] 203.78 2.71
Glycourosodeoxycholic | 448.29 | 16.72 | [M-H] 201.29 0.42
acid

Glycodeoxycholic acid | 448.29 | 23.80 | [M-H] 199.79 0.25
Tauroursodeoxycholic | 498.27 | 19.08 | [M-H] 208.83 1.89
acid

Taurohyodeoxycholic 498.27 | 19.89 | [M-H] 208.62 0.38
acid

Taurodeoxycholic acid | 498.27 | 23.93 | [M-H] 205.7 0.78
Tauro-w-muricholic 514.27 | 10.50 | [M-H] 212.74 0.58
acid

Tauro-a-muricholic 514.27 | 11.34 | [M-HJ 210.36 1.34
acid

Tauro-p-muricholic 514.27 | 12.23 | [M-HJ 210.39 1.96
acid

Taurohyocholic acid 514.27 | 16.06 | [M-H] 209.44 0.24
Taurocholic acid 514.27 | 20.52 | [M-H] 208.67 2.33
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Table C.2. Truncated tentative annotations of the top 30 most abundant compounds isolated from fecal
metabolite extractions. Annotations are made based on accurate mass and fragmentation, compared to

online databases

Compound Description Formula Adducts
5.21 652.6629m/z | N-Tetracosanoylsphinganine C42HS85NO3 | M+H
5.58 589.3036m/z | Urobilin C33H40N406 | M+H
6.26 389.2701m/z | 3-Oxocholic acid C24H3805 M-+H-H20
6.56_408.2892n Cholic acid C24H4005 M+H-2H20, M+H-H20,
M+Na, 2M+Na
7.16 389.2703m/z | 3-Oxocholic acid C24H3805 M+H-H20
7.27 408.2892n Cholic acid C24H4005 M-+H-2H20, M+H-H20,
M-+Na
6.40 390.2787n 12-Ketodeoxycholic acid C24H3804 M+H-2H20, M+K, M+Na,
M+H-H20
6.78 406.2728n 3-Oxocholic acid C24H3805 M+H-2H20, M+H
1.98 402.2476m/z | GIn-Val-Arg CI16H3IN705 | M+H
5.48 507.2741m/z | 1-Hexadecanoyl-sn-glycero-3-phospho-(1'- C22H4509P M+Na
sn-glycerol)
18.20 305.2489m/z | 15-OxoEDE C20H3403 M-+H-H20
7.28 357.2782m/z | Docosahexaenoic acid ethyl ester C24H3602 M-+H
5.74 277.2178m/z | 8,10-Octadecadiynoic acid C18H2802 M-+H
1.81 434.2256m/z | 1-Tridecanoyl-sn-glycero-3- C18H38NO7P | M+Na
phosphoethanolamine
7.65 432.3242n Cholest-5-en-26-oic acid, 3,7a-hydroxy C27H4404 M-+H-H20, M+Na, M+H-
2H20
1.98 271.1668n Pro-Arg CI11H2IN503 | M+H-H20, M+H
6.50 399.3270m/z | 70,24(S)-Dihydroxy-4-cholesten-3-one C27H4403 M-+H-H20
1.98 175.1199m/z | DL-Arginine C6H14N402 | M+H
6.45 397.3105m/z | Cholest-5-en-26-oic acid, 3B,7a-hydroxy C27H4404 M-+H-2H20
4.75 642.3849m/z | His-Leu-Leu-Val-Phe-OMe C33H51IN706 | M+H
6.59 430.3173m/z | 1-(9Z-Octadecenyl)-sn-glycero-3- C23H48NO6P | M+H-2H20
phosphoethanolamine
1.98 288.2051m/z | lle-Arg CI12H25N503 | M+H
6.80 390.2776n 12-Ketodeoxycholic acid C24H3804 M+H-H20, M+H, M+K,
M+H-2H20
1.98 473.2835m/z | Glycolic acid hexaethoxylate 4-tert- C24H4009 M-+H
butylphenyl ether
6.97 442.3522m/z | Oleyloxyethylphosphorylcholine C25H52NOSP | M+H-2H20
6.50 555.3102m/z | 2-O-(beta-D-galactopyranosyl-(1->6)-beta-D- | C31H4806 M-+H
galactopyranosyl) 2S-hydroxytridecanoic acid
6.42 235.1710m/z | trans-delta-2-11-Methyldodecenoic Acid C13H2402 M+Na
7.56 591.3187m/z | Deoxycholic acid 3-glucuronide C15H2405 M+Na
1.98 260.1987m/z | Ile-Lys CI12H25N303 | M+H
1.98 389.2430m/z | Palmitoleoyl 3-carbacyclic Phosphatidic Acid | CI0H17NO2 | M+H

117




Fold

Compound Description Formula Adducts Anova (p) Change MSMS
8-{4-[1-Oxido-4-(2-pyrimidinyl)-1-piperazinyl]butyl}-8-
azaspiro[4.5]decane-7,9-dione
8-{4-[4-(5-Hydroxy-2-pyrimidinyl)-1-piperazinyl]butyl } -8-
azaspiro[4.5]decane-7,9-dione
4.76_424.2346m/z 2-Hydroxy-8- {4-[4-(2-pyrimidinyl)-1-piperazinylJbutyl}-8- C21H31N503 M+Na 7.10E-05 +12.69 yes
azaspiro[4.5]decane-7,9-dione
6-Hydroxy-8-{4-[4-(2-pyrimidinyl)-1-piperazinyl]butyl}-8-
azaspiro[4.5]decane-7,9-dione
phe-ile,
leu-phe
7.30_557.3256m/z ile-phe C15H22N203 2M+H 1.98E-04 +4.58 Yes*
phe-leu
1.58_492.2346m/z | [PHISLYs C23H3INTO4 | M#Na | 371E-04 | +3.57 Yes*
His-Trp-Lys
(62,92,127,15Z,25R)-31-Amino-28-hydroxy-28-oxido-22-oxo-
23,27,29-trioxa-28lambda~5~-phosphahentriaconta-6,9,12,15-tetraen-
25-yl tetracosanoate .
5.98_862.6757m/z (2R)-3- {[(2-Aminoethoxy)(hydroxy)phosphorylJoxy} -2- C51H94NOSP | M+H-H20 3.99E-04 + Infinity Yes
[(7Z2,10Z,13Z,16Z)-7,10,13,16-docosatetraenoyloxy]propyl
tetracosanoate
Glucosylsphingosine
7.19 444.3315m/z Galactosylsphingosine C24H47NO7 M-+H-H20 7.04E-04 +14.02 Yes
D-Glucosyl-.beta.1-1'-D-erythro-sphingosine
8,8'-Bis[(2E)-3,7-dimethyl-2,6-octadien-1-yl]-7,7'-dimethoxy-3,3'-
4.85_374.2065m/z dimethyl-9H,9'H-1, 1 "bicarbazole-2,2"-diol C48H56N204 M+H+Na 7.24E-04 -5.57 Yes*
(32,62,92,127,15Z,23R)-29-Amino-26-hydroxy-26-oxido-20-ox0-
21,25,27-trioxa-26lambda~5~-phosphanonacosa-3,6,9,12,15-pentaen-
23-y1(42,772,10Z,132,16Z,192)-4,7,10,13,16,19-docosahexaenoate;
4.05_416.7422m/z (2R)5-3- {[(2-Aminoethoxy)(hydroxy)phosphorylJoxy} -2- C47H72NO8P M+H+Na 1.37E-03 -47.63 Yes*
[(52,82,11Z,14Z,17Z)-5,8,11,14,17-icosapentaenoyloxy]propyl
(47,72,107,137,167,192)-4,7,10,13,16,19-docosahexaenoate
6.71_529.2944m/z (Vzaf_)r;hNe'(4'Am‘“°b“tyl)'3'(4'hydr°"y'3'meth‘”‘yphe“yl)"‘“ylam‘de C14H20N203 IMHH 242E-03 | +395 Yes
6.10 441.2337m/z Retinoyl-B-glucuronide C26H3608 M+H-2H20 | 2.73E-03 +4.76 Yes
M+H-2H20,
7.01_381.1586n 3,7-Dimethoxy-6-hydroxy-10-oxyphenanthroindolizidine C22H23NO5 M+Na, 2.75E-03 +9.34 Yes*
M+H-H20
7.44 440.3366m/z Di-n-dodecyl phosphite C24H5003P M+Na 2.90E-03 +6.78 Yes*
7.59 559.3418m/z 1,2-Didodecanoyl-sn-glycero-3-phosphate C27H5308P M+Na 3.24E-03 +4.11 Yes*
1-(Octadecyloxy)-3-(tetradecanoyloxy)-2-propanyl (11Z)-11-icosenoate
2-(Octadecyloxy)-3-(tetradecanoyloxy)propyl (11Z)-11-icosenoate
1-(Octadecyloxy)-3-(palmitoyloxy)-2-propanyl (11Z)-11-octadecenoate
6.53_829.7927m/z 1-(Octadecyloxy)-3-(palmitoyloxy)-2-propanyl (9Z)-9-octadecenoate C35H10605 M+H-H20 346E-03 -10.27 Yes*
3-(Octadecyloxy)-2-(palmitoyloxy)propyl (11Z)-11-octadecenoate
3-(Octadecyloxy)-2-[(9Z)-9-tetradecenoyloxy]propyl icosanoate
(1S,2S)-1-(4-Methoxyphenyl)-1,2-propanediol; 7a-Hydroxy-3,6-
dimethyl-5,6,7,7a-tetrahydro-1-benzofuran-2(4H)-one
2-Ethoxy-4-(methoxymethyl)phenol
22.53 365.1971m/z | Ethyl vanillyl ether C10H1403 2M+H 3.69E-03 +4.44 Yes*
2-Furylmethyl 3-methylbutanoate
2,6-Dimethoxy-4-ethylphenol
3-Methylbutyl 2-furoate
N-(3-Aminopropyl)-3-(3,4-dihydroxyphenyl)-N-{4-[(3-{[3-(3,4-
dihydroxyphenyl)propanoyl]amino} propyl)amino]butyl} propanamide
N-{4-[(3-Aminopropyl)amino]butyl}-3-(3,4-dihydroxyphenyl)-N-(3-
{[3-(3,4-dihydroxyphenyl)propanoyl]amino} propyl)propanamide
6.71_553.2949m/z | (07 4_Bu¥ane di};fplbis[¥\I-1(33-£minc})/propyl)-3r-)(3,121): prop C28H42N406 M-+Na 4.00E-03 +434 Yes
dihydroxyphenyl)propanamide]
N,N'-[1,4-Butanediylbis(imino-3,1-propanediyl)]bis[3-(3,4-
dihydroxyphenyl)propanamide]
N-Acetyl-alpha-neuraminic acid
4-Carboxy-2-(tyrosylamino)butanoate
1.53_309.1059n Sialic acid NeuSAc C11HI9NOY9 | M+Na, M+K | 4.08E-03 -3.89 Yes
5-Oxidanidyl-
5-oxidanylidenenorvalyltyrosine
6.67 428.2995m/z | \-U3-Dihydroxypropan-2-yl)-98,11R,138-trihydroxy-5Z,13E- C23H41NO6 M+H S03E-03 | +868 Yes*

prostadienoyl amine

118




N-[4-(Hydroxymethyl)-3-{[4-(3-pyridinyl)-2-pyrimidinyl]Jamino}-1,5-

3-11_494.2656m/z cyclohexadien-1-yl]-4-[(4-methyl-1-piperazinyl)methyl|benzamide C29H33N702 | M+H-H20 >-10E-03 - 1047 Yes
20.12_306.2559n Linolenic acid ethyl ester C20H3402 MHI:I/IEII—(IZO’ 5.43E-03 +3.89 Yes*
6.97 555.3108m/z 2,3-Dihydroxy-29-methoxy-29-oxoolean-12-en-28-oic acid C31H4806 M+K 6.09E-03 +6.12 Yes
8.36_537.3181m/z ile-his C12H20N403 2M+H 6.26E-03 +6.53 Yes*
21.23 439.3560m/z | 3,22-Dihydroxyolean-12-en-23-al C30H4803 M-+H-H20 7.04E-03 +9.63 Yes
4.71 705.3793m/z 1-(4-Hydroxy-3-methoxyphenyl)-3,5-diacetoxyoctane C19H2806 2M+H 7.54E-03 +2.48 Yes*
6.67 471.3167n (.4/-)-Terfenadine C32H41NO2 M+H, M+K 7.75E-03 +3.31 Yes*
8.97_517.3179n (2R)-2-Hydroxy-3-{(62,92.122)-6.9,12-octadecatrienoyloxylpropyl 2= | 6H4gNO7P | M+H, M+Na | 825E-03 +4.11 Yes
= (trimethylammonio)ethyl phosphate
829 615.2436m/z | \(5:6.7a.8-Tetrahydro-7H-{1,3]benzodioxolo[6,5,4- C19H17NO3 IM+H 9.57E-03 +5.53 Yes*

de]benzo[g]quinolin-7-yl)ethanone

Table C.3. Tentative annotations of significant compounds in a pairwise comparison of DIO and
GB-ILprox in positive mode. Annotations are made based on accurate mass and fragmentation and
compared to online databases. Features with positive fold changes are higher in the control, while
negative fold changes denotes features that are higher in the experimental group. Infinity signifies
that the feature is detectable in one sample group and undetectable in the other. The MSMS column
indicates if the molecule did or did not have fragmentation spectra associated with it (Yes/No).
Yes* denotation means some fragments are consistent with, but not indicative of, metabolite

identity.
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Table C.4. Tentative annotation table of significant compounds in a pairwise comparison of DIO and GB-ILprox in negative
mode. Annotations are made based on accurate mass and fragmentation and compared to online databases. Features with
positive fold changes are higher in the control, while negative fold changes denotes features that are higher in the experimental
group. Infinity signifies that the feature is detectable in one sample group and undetectable in the other. The MSMS column
indicates if the molecule did or did not have fragmentation spectra associated with it (Yes/No). Yes* denotation means some
fragments are consistent with, but not indicative of, metabolite identity.

Anova Fold

Compound Description Formula Adducts (p) Change MSMS
Asp-pro
1-[4-(1,2,3,4-Tetrahydroxybutyl)-1H-imidazol-2- 4.11E-

4.24 459.1722m/z | yl]ethanone C9H14N205 | 2M-H 0’3 - 8.88 No

N-(1-Carboxycyclopropyl)glutamine
1-(3-Amino-3-carboxypropyl)-5-oxoproline

N-[4-(Hydroxymethyl)-3-{[4-(3-pyridinyl)-2- M-H20- | 5.52E-
1.96 _492.2463m/z | pyrimidinyl]amino}-1,5-cyclohexadien-1-yl]-4-[(4-methyl- | C29H33N702 ) +7.51 No
1-piperazinyl)methyl]benzamide

CerP(d18:1/2:0)
(2S,3R,6aS,12bS,12cS,14aS)-2-(2-Hydroxy-2-propanyl)- 5 65E-
7.15 421.2593m/z | 12b,12c-dimethyl-3,4b,5,6,6a,7,12,12b,12¢,13,14,14a- C20H40NOG6P | M- 05 -2.77 Yes*
dodecahydro-2H-chromeno[5',6":6,7]indeno[ 1,2-b]indol-3-

ol

a-Hydroxymyristic acid

3-[(2-Isopropyl-5-methylcyclohexyl)oxy]-2-methyl-1,2-
propanediol 8.46E-
2-Hydroxymyristic acid C14H2803 M-H 03 -29.56 Yes
(3R)-3-hydroxymyristic acid
Ethyl 3-hydroxydodecanoate

23.27_243.1963m/z

22.83 287.2226m/z | 10,16-Dihydroxyhexadecanoic acid C16H3204 M-H 8'349]5_ - 19.64 Yes
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Compound

Description

Formula

Adducts

Anova (p)

Fold
Change

MSMS

5.68_738.3823m/z

Tris(4-tert-butyl-3-hydroxy-2,6-dimethylbenzyl) isocyanurate

C42H57N306

M+K

3.24E-09

+ Infinity

Yes*

6.81_773.5196m/z

(2R)-3-({[(2S)-2,3-Dihydroxypropoxy](hydroxy)phosphoryl} oxy)-2-
(palmitoyloxy)propyl stearate
(19R,258)-22,25,26-Trihydroxy-22-oxido-16-0x0-17,21,23-trioxa-
22]lambda~5~-phosphahexacosan-19-yl stearate

C40H79010P

M+Na

1.67E-07

+ Infinity

Yes*

6.32_637.2777m/z

Asn-Trp
trp-asn
tyr-his
his-tyr

CI5H18N404

2M+H

3.68E-07

+ Infinity

Yes*

5.88_594.4187m/z

1,2-Diundecanoyl-sn-glycero-3-phosphocholine
1-Dodecanoyl-2-tridecanoyl-sn-glycero-3-phosphoethanolamine

C30H60NO8P

M+H

4.59E-07

+297.79

Yes*

7.11_654.3666m/z

6-{2-[(1E)-6-Amino-3-(3-amino-3-carboxypropyl)-6-carboxy-1-hexen-
1-yl]-3,5-bis(3-amino-3-carboxypropyl)-1-pyridiniumyl} norleucine

C30H49N6010+

M+H

6.35E-07

+ Infinity

Yes*

5.35_309.1815m/z

8-Hydroxy-5-{2-hydroxy-3-[(2-methyl-2-propanyl)aminopropoxy } -
3,4-dihydro-2(1H)-quinolinone

3-Oxohexadecanoic acid

8-Oxohexadecanoic acid

9-Oxohexadecanoic acid

11-Oxohexadecanoic acid

C16H24N204

M+H

1.17E-06

+560.31

Yes*

8.30_325.2531m/z

3-[(8E)-8-Pentadecen-1-yl]phenol

C21H340

M+Na

4.96E-06

+85.71

5.95_625.3204m/z

4-[(6,7-Dimethoxy-2-methyl-1,2,3,4-tetrahydro-1-
isoquinolinyl)methyl]-2- {[6-methoxy-1-(4-methoxybenzyl)-2-methyl-
1,2,3,4-tetrahydro-7-isoquinolinyl]Joxy} phenol

C38H44N206

M+H

6.17E-06

+293.04

11.31_570.3555m/z

(2R)-2-Hydroxy-3-[(11Z,14Z)-11,14-icosadienoyloxy]propyl 2-
(trimethylammonio)ethyl phosphate

C28H54NO7P

M+Na

9.37E-06

- Infinity

10.95_515.4507m/z

2-[(5Z,82,1172)-5,8,1 1-Icosatrienoyloxy]-3-[(9Z,127)-9,12-
nonadecadienoyloxy]propyl tetracosanoate
2-[(52,82,11Z)-5,8,11-Icosatrienoyloxy]-3-[(11Z,14Z)-11,14-
nonadecadienoyloxy]propyl tetracosanoate
3-[(5Z,82,112)-5,8,1 1-Icosatrienoyloxy]-2-[(9Z,127)-9,12-
nonadecadienoyloxy]propyl tetracosanoate
3-[(8Z,11Z,14Z)-8,11,14-Icosatrienoyloxy]-2-[(9Z,12Z7)-9,12-
nonadecadienoyloxy]propyl tetracosanoate
3-[(52,82,11Z)-5,8,1 1-Icosatrienoyloxy]-2-[(11Z,14Z)-11,14-
nonadecadienoyloxy]propyl tetracosanoate
3-[(13Z)-13-Docosenoyloxy]-2-[(9Z,12Z7)-9,12-
nonadecadienoyloxy]propyl (13Z,16Z)-13,16-docosadienoate
1-[(13Z)-13-Docosenoyloxy]-3-[(9Z,12Z)-9,12-nonadecadienoyloxy]-2-
propanyl (13Z,16Z)-13,16-docosadienoate

C66H11806

M-+H+Na

1.20E-05

- Infinity

Yes*

4.78_158.1176m/z

Threonine, butyl ester;
Homoserine, butyl ester

C8H15NO2

M+H-H20

1.89E-05

+91.62

6.24_707.4361m/z

(8B)-N-(1-Hydroxy-2-butanyl)-1,6-dimethyl-9,10-didehydroergoline-8-
carboxamide

C21H27N302

2M+H

2.64E-05

+ Infinity

18.59_291.2687m/z

Dihomolinoleic acid (20:2(n-6))
Eicosadienoic Acid

C20H3602

M+H-H20

3.53E-05

- Infinity

18.17_543.4762m/z

(2S)-1-Hydroxy-3-(pentadecanoyloxy)-2-propanyl (9Z,127)-9,12-
octadecadienoate

C36H6605

M+H-2H20

4.59E-05

-706.28

5.93_195.0902n

Acetyl-L-carnitine
2-Methyl-1,2,3,4-tetrahydro-4,6,7-isoquinolinetriol
3-Hydroxy-2-phenylpropyl carbamate

Metirosine

Methyl tyrosinate
N-[2-(3,4-Dihydroxyphenyl)ethyl]acetamide
Isopentenyladenine

CI0H13NO3

M+H-H20,
M+H

4.86E-05

+45.45

Yes*

5.93_168.1023m/z

(2R,3S)-3-Hydroxy-8-methyl-8-azabicyclo[3.2.1]octane-2-carboxylic
acid
(2S,3S)-3-Hydroxy-8-methyl-8-azabicyclo[3.2.1]octane-2-carboxylic
acid; Ecgonine

2,2-Bis(hydroxymethyl)-3-quinuclidinone

C9H15NO3

M-+H-H20

5.70E-05

+38.21

Yes*

18.29 331.2637m/z

Anacardic Acid
16-Hydroxykauran-18-yl acetate
Carbocyclic thromboxane A2

C22H3603

M+H-H20

5.91E-05

-198.13
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Tridecyl 3-(4-hydroxyphenyl)propanoate

7.93_410.2580m/z

(19R,258)-22,25,26-Trihydroxy-22-oxido-16-0x0-17,21,23-trioxa-
22]lambda~5~-phosphahexacosan-19-yl (42,72,10Z,13Z,16Z)-
4,7,10,13,16-docosapentaenoate
(19R,258)-22,25,26-Trihydroxy-22-oxido-16-0x0-17,21,23-trioxa-
22]lambda~5~-phosphahexacosan-19-yl (7Z,10Z,13Z,16Z,19Z)-
7,10,13,16,19-docosapentaenoate
(7Z,19R,258)-22,25,26-Trihydroxy-22-oxido-16-0x0-17,21,23-trioxa-
22lambda~5~-phosphahexacos-7-en-19-yl (72,10Z,13Z,16Z)-
7,10,13,16-docosatetraenoate
(72,21R,27S)-24,27,28-Trihydroxy-24-oxido-18-0x0-19,23,25-trioxa-
24lambda~5~-phosphaoctacos-7-en-21-yl (5Z,8Z2,11Z,147)-5,8,11,14-
icosatetraenoate
(9Z,21R,278)-24,27,28-Trihydroxy-24-oxido-18-0x0-19,23,25-trioxa-
24lambda~5~-phosphaoctacos-9-en-21-yl (5Z,8Z2,11Z,147)-5,8,11,14-
icosatetraenoate
(62,92,21R,27S)-24,27,28-Trihydroxy-24-oxido-18-0x0-19,23,25-
trioxa-24lambda~5~-phosphaoctacosa-6,9-dien-21-yl (52,8Z,117)-
5,8,11-icosatrienoate
(62,92,21R,27S)-24,27,28-Trihydroxy-24-oxido-18-0x0-19,23,25-
trioxa-24lambda~5~-phosphaoctacosa-6,9-dien-21-yl (8Z,11Z,14Z)-
8,11,14-icosatrienoate

C44H77010P

M-+H+Na

8.67E-05

+101.94

Yes*

11.92 355.1779/z

Biocytin

C16H28N404S

M+H-H20

8.90E-05

-73.45

Yes*

18.17_189.1640m/z

2-Methyl-1,3-cyclohexadiene
5,6-dihydrotoluene

C7H10

2M+H

1.00E-04

-20.41

11.87_220.1836n

1,1,4,7-Tetramethyl-1a,2,3,5,6,7,7a,7b-octahydro- 1 H-
cyclopropa[e]azulen-7-ol
(3R,4aS,8aR)-1,1,3,6-Tetramethyl-3-vinyl-3,4,4a,7,8,8a-hexahydro-1H-
isochromene
(32,72)-1,5,5,8-Tetramethyl-12-oxabicyclo[9.1.0]dodeca-3,7-diene
(42,7Z)-1,5,9,9-Tetramethyl-12-oxabicyclo[9.1.0]dodeca-4,7-diene
4,5-Epoxy-4,11,11-trimethyl-8-methylenebicyclo(7.2.0)undecane; 4-
Nonylphenol

(2Z)-2-Methyl-5-[(1S,2R ,4R)-2-methyl-3-methylenebicyclo[2.2.1]hept-
2-yl]-2-penten-1-ol

C15H240

M+H-H20,
M+H

1.08E-04

-332.30

20.36_103.0531m/z

4-Methylbenzaldehyde
Phenylacetaldehyde
4-Vinylphenol

C8H80

M-+H-H20

1.40E-04

- Infinity

21.35_365.1978m/z

(18,25)-1-(4-Methoxyphenyl)-1,2-propanediol
7a-Hydroxy-3,6-dimethyl-5,6,7,7a-tetrahydro-1-benzofuran-2(4H)-one
2-Ethoxy-4-(methoxymethyl)phenol

Ethyl vanillyl ether

C10H1403

2M+H

1.61E-04

-475.24

11.85_221.2273m/z

Octadiene

C8H14

2M+H

1.62E-04

- Infinity

8.30_214.1121m/z

N-(3-ox0-hexanoyl)-homoserine lactone

C22H32N205

M+H

1.73E-04

+62.49

4.99 184.0978m/z

Pantothenic acid

CIO0H13N50

M+H-2H20

1.83E-04

+36.42

11.83_184.1465n

10-Hendecenoic acid
10-Undecenoic acid
3-Acetoxy-1-nonene

Allyl octanoate
(3Z)-3-Octen-1-yl propionate
trans-2-Hexenyl valerate
trans-2-Hexenyl Isovalerate
Methyl decenoate
2,3-Undecanedione

C11H2002

M+H-
2H20,
M+Na,
M+H-H20

1.91E-04

-159.43

Yes*

12.18 424.3173n

Unoprostone isopropyl ester

C25H4405

M+H-H20,
M+Na

1.92E-04

+32.08

Yes*

6.60_626.3352m/z

(50,7a)-17-(Cyclopropylmethyl)-7-(2-hydroxy-3,3-dimethyl-2-butanyl)-
6-methoxy-18,19-dihydro-4,5-epoxy-6,14-ethenomorphinan-3-yl §-D-
glucopyranosiduronic acid

C35H49NO10

M-+H-H20

1.97E-04

+40.91

Table C.5. Truncated tentative annotations of the 30 most significant compounds (passed on p-value) in a pairwise comparison
of DIO and GB-ILi in positive ion mode. Annotations are made based on accurate mass and fragmentation and compared to
online databases. Features with positive fold changes are higher in the control, while negative fold changes denotes features
that are higher in the experimental group. Infinity signifies that the feature is detectable in one sample group and undetectable
in the other. The MSMS column indicates if the molecule did or did not have fragmentation spectra associated with it (Yes/No).
Yes* denotation means some fragments are consistent with, but not indicative of, metabolite identity.
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Fold

Compound Description Formula Adducts | Anova (p) Change MSMS
3-Acetylthiophene;
1.22_251.0231m/z | 5-Methyl-2-thenaldehyde; C6H60S 2M-H 6.87E-08 +269.50 Yes*
2-Acetylthiophene
411 315.1347m/z N—[4—(5—Ammo—2,2—d1methyl—4—0).(o—3,4—d1hydro—2H—chromen—6—yl)— 1- C17H22N205 M-H20- 1.11E-06 +105.27 No
- hydroxy-4-oxo-2-butanyl]acetamide H
21.81 389.3523m/z | 2-Methyltetracosane C25H52 VO] a2sB06 |+ 13887 Yes*
2.09 317.2252m/z | 6,10,14-Trimethyl-2-methylenepentadecanal C19H360 M;;II(- 2.26E-05 +70.17 Yes*
6-O-[Bis(diisopropylamino)acetyl]hexonic acid; M+Na-
21.79_457.2570m/z (35)-3-[(2E)-2-Butenoyloxy]-4-(trimethylammonio)butanoate C20H40N208 2H 3.36E-05 +46.88 Yes
GPSer(17:2/5:0);
GPSer(18:2/4:0);
GPSer(2:0/20:2); %
6.19 591.3181m/z GPSer(20:2/2:0); C28H50NO10P M- 1.14E-04 +201.62 Yes
GPSer(4:0/18:2);
GPSer(5:0/17:2)
(5Z,9alpha,11alpha,13E,15S)-9,11,15,20-Tetrahydroxyprosta-5,13-dien-1-
oic acid;
(5R,6Z,8E,12R,147)-5,12,20,20-Tetrahydroxy-6,8,14-icosatrienoic acid; M-H20- ) %
2473512170V 1 (570 1oha, | Lalpha, 13E,158)-9,11,15,20-Tetrahydroxyprosta-5, 1 3-dien-1- C20H3406 H LI7E-04 | +19.82 Yes
oic acid;
(9alpha,11lalpha,13E,15S)-9,11,15-Trihydroxy-6-oxoprost-13-en-1-oic acid
22.14_455.2468m/z | Butyl (9E)-18-(sulfooxy)-9-octadecenoate C22H4206S M;II;Ia- 1.32E-04 +157.58 Yes
20.19_453.2314m/z | 2-amino-1,7,9-trimethylimidazo(4,5-g)quinoxaline CI12H13N5 2M-H 1.35E-04 +246.11 Yes
4.60_633.1983m/z | hOvobiocin: c3tmzeN2011 | Mo 11E0s |+ Infinity No
- tetragastrin 2H
2-Oxoretinal;
224 319 1658m/z 3?[(IZ,SZ)-41-(4-Methoxyphenyl)-6-methyl-1,5,7-octatr1en-4-yl]-2,2- C20H2602 M-+Na- 2 69E-04 4230 Yea
- dimethyloxirane; 2H
3,4-Didehydroretinoic acid; Norethindrone
4.14 465.3215m/z | PE(P-18:0/0:0) C23H48NOG6P M- 2.81E-04 +25.10 Yes*
N-[4-(Hydroxymethyl)-3-{[4-(3-pyridinyl)-2-pyrimidinyl]amino}-1,5- M-H20- .
1.96_492.2463m/z | 1 hexadien-1-yl]-4-[(4-methyl-1-piperazinyl)methylJbenzamide C29H33N702 H 4.04E-04 |+ Infinity No
4-[2-(4-Allyl-2-methoxyphenoxy)-1-hydroxypropyl]-2-methoxyphenol;
4,4'-(3,4-Dimethyltetrahydrofuran-2,5-diyl)bis(2-methoxyphenol);
(6E,10E)-6-Formyl-10-methyl-3-methylene-2-0x0-2,3,3a,4,5,8,9,1 1a- MK~
2.28 381.1124m/z | octahydrocyclodeca[b]furan-4-yl (2Z)-2-methyl-2-butenoate; C20H2405 oH 4.97E-04 +20.22 Yes
6-Hydroxy-6,9-dimethyl-3-methylene-2-0x0-2,3,3a,4,5,6,9a,9b-
octahydroazuleno[4,5-b]furan-5-yl (2E)-2-methyl-2-butenoate;
12-Hydroxy-7,20-epoxyabieta-8,12-diene-11,14,20-trione
10.86_471.2418m/z | (3a,5B,7a)-7-Hydroxy-3-(sulfooxy)cholan-24-oic acid C24H4007S M-H 5.86E-04 +38.61 Yes*
2-Oxo-1-pyrrolidinecarboxamide;
1.85 255.1112m/z Dihydrothymine; C5SH8N202 2M-H 5.96E-04 +16.46 No
3-Methyl-2,5-piperazinedione
GPSer(14:1/8:0);
GPSer(15:1/7:0);
GPSer(16:1/6:0);
GPSer(17:1/5:0);
GPSer(18:1/4:0);
GPSer(2:0/20:1);
6.90 593.3333m/z GPSer(20:1/2:0): C28H52NO10P M- 7.29E-04 | +3238.95 No
GPSer(4:0/18:1);
GPSer(5:0/17:1);
GPSer(6:0/16:1);
GPSer(7:0/15:1);
GPSer(8:0/14:1)
5-Methoxydimethyltryptamine; *
22.16_435.2754m/z 4-[2-(Propylamino)ethyl]-1,3-dihydro-2H-indol-2-one C13H18N20 2M-H 7.35E-04 +51.69 Yes
(32,7Z)-1,5,5,8-Tetramethyl-12-thiabicyclo[9.1.0]dodeca-3,7-diene;
9.58 471.3111m/z | (3Z,7Z)-3,7,10,10-Tetramethyl-12-thiabicyclo[9.1.0]dodeca-3,7-diene; C15H24S 2M-H 7.37E-04 +17.85 Yes*
S-Isopropyl-2-methyl-8-methylene-11-thiatricyclo[5.3.1.0~2,6~]undecane
15.70_407.3646m/z | {)-S:S-Ethambutol; CIOH24N202 | OM-H | 7.50E-04 | +46.41 Yes*

7-Isopropyl-1,4-dimethyl-1,2,3,4,5,6-hexahydroazulene;
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2,4-Diisopropenyl-1-methyl-1-vinylcyclohexane;
2-Methyl-3-methylene-2-(4-methyl-3-penten-1-yl)bicyclo[2.2.1]heptane;
3,7,11,11-Tetramethylbicyclo[8.1.0]Jundeca-2,6-diene;
1,4,4-Trimethyl-8-methylene-1,5-cycloundecadiene;
1-Isopropyl-3a-methyl-6-
methylenedecahydrocyclopenta([3,4]cyclobuta[1,2]cyclopentene;
4-Methylene-1-(6-methyl-5-hepten-2-yl)bicyclo[3.1.0]hexane;
1-Methyl-4-(6-methyl-6-hepten-2-yl)-1,4-cyclohexadiene
6.21 469.2263m/z | 7-Sulfocholic acid C24H4008S M'?{ZO' 7.63E-04 | +31.68 yes
(1S,95)-9-{[(2S)-1-Ethoxy-1-0x0-4-phenyl-2-butanylJamino } -10- M-+Na- )
331 438.1952m/z oxooctahydro-6H-pyridazino[1,2-a][1,2]diazepine-1-carboxylic acid C22H3IN305 2H 8.54E-04 17.20 Yes
(2R)-3-[(Hydroxy{[(1s,3R)-2,3,4,5,6- M-H,
12.93 810.5273n pentahydroxycyclohexyl]oxy} phosphoryl)oxy]-1,2-propanediyl C41H79013P M-+Na- 9.68E-04 +76.54 Yes*
dihexadecanoate 2H
Desipramine;
22.54 531.3549m/z | (18E)-18-Ethylidene-8,14- C18H22N2 2M-H 1.08E-03 +11.38 Yes*
diazapentacyclo[9.5.2.0~1,9~.0~2,7~.0~14,17~]octadeca-2,4,6-triene
(5Z,8S,9R,10E,128S)-8-Acetyl-9-formyl-12-hydroxy-5,10-heptadecadienoic
acid;
(5Z,8beta,11beta,12alpha)-11-Hydroxy-9,15-dioxoprost-5-en-1-oic acid;
(5R,6R,7E,9E,11Z)-5,6-Dihydroxy-15-0x0-7,9,11-icosatrienoic acid;
(5R,6R,7E,9E,11Z,13E,15R)-5,6,15-Trihydroxy-7,9,11,13-icosatetraenoic
acid;
1.77.3512171my | Prostaglandin Ha; C20H3205 MH | LI4B-03 | +13.00 Yes
- Prostaglandin D2;
15-dehydro-prostaglandin E1;
15-oxo-prostaglandin F2alpha;
(9alpha,11alpha,13E,158S)-9,11,15-Trihydroxy-6-oxoprost-13-en-1-oic
acid;
(5Z,9alpha,11alpha,13E,158,17Z)-9,11,15-Trihydroxyprosta-5,13,17-trien-
1-oic acid
12-Ketodeoxycholic Acid; %
18.23_389.2693m/z 2-[(SE)-8-Heptadecen-1-yl]-4,6-dihydroxybenzoic acid C12H3804 M-H 1.14E-03 +29.50 Yes
(3E,7Z)-4,8,12-Trimethyl-1,3,7,1 I-tridecatetraene; M+K-
2.26 255.1516m/z | 5 by thyl-4-[(4E)-6-methyl-4-hepten-1-yI]-1,3-cyclohexadiene C16H26 2H IISE-03 | +31.66 No
2.17_381.2278m/z | Sarcostin C21H3406 M-H 1.20E-03 +19.62 Yes*
3-[2-[[3-(2-carboxyethyl)-5-[ (3-ethyl-4-methyl-5-0x0-1,2-dihydropyrrol-2-
7.75_591.3186m/z | yl)methyl]-4-methyl-1H-pyrrol-2-ylJmethyl]-5-[(4-ethyl-3-methyl-5-oxo- C33H44N406 M-H 1.20E-03 +700.46 Yes*
1,2-dihydropyrrol-2-yl)methyl]-4-methyl-1H-pyrrol-3-yl]propanoic acid
6.11_471.2403m/z | 1,4-Anhydro-6-O-dodecanoyl-2,3-bis-O-(2-hydroxyethyl)-D-glucitol C22H4208 M;I_If ) 1.23E-03 +14.08 Yes*

Table C.6. Tentative annotations of the 30 most significant compounds (based on p-value) in a
pairwise comparison of DIO and GB-ILdist in negative mode. Annotations are made based on
accurate mass and fragmentation and compared to online databases. Features with positive fold
changes are higher in the control, while negative fold changes denotes features that are higher in
the experimental group. Infinity signifies that the feature is detectable in one sample group and
undetectable in the other. The MSMS column indicates if the molecule did or did not have
fragmentation spectra associated with it (Yes/No). Yes* denotation means some fragments are
consistent with, but not indicative of, metabolite identity.
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Table C.7. Affected pathways as predicted with Mummichog

GB-IL . Pathway Analysis

Pathway
Pathway Overlap Size P-Value Mode
Arachidonic acid metabolism 68 71 2.91E-03 +
Prostaglandin formation from arachidonate 56 61 2.91E-03 +
C21-steroid hormone biosynthesis and metabolism 74 86 2.91E-03 +
Bile acid biosynthesis 52 59 2.91E-03 +
Vitamin A (retinol) metabolism 34 36 2.91E-03 +
Leukotriene metabolism 47 53 2.91E-03 +
Putative anti-Inflammatory metabolites formation from EPA 21 22 2.99E-03 +
Vitamin E metabolism 29 35 3.53E-03 +
Linoleate metabolism 17 19 3.80E-03 +
Androgen and estrogen biosynthesis and metabolism 52 69 4.14E-03 +
Vitamin D3 (cholecalciferol) metabolism 10 10 4.26E-03 +
Drug metabolism - cytochrome P450 29 37 4.96E-03 +
Carnitine shuttle 19 23 5.28E-03 +
Fatty acid activation 16 20 8.85E-03 +
Bile acid biosynthesis 31 42 2.57E-03 -
Prostaglandin formation from arachidonate 32 49 3.40E-03 -
Leukotriene metabolism 28 42 3.42E-03 -
Linoleate metabolism 12 15 3.66E-03 -

GB-IL__ Pathway Analysis

prox

Pathway
Pathway Overlap Size P-Value Mode
Vitamin E metabolism 15 34 2.27E-03 +
Vitamin D3 (cholecalciferol) metabolism 5 10 3.83E-03 +
Bile acid biosynthesis 15 53 4.13E-03 +
Carnitine shuttle 7 23 8.81E-03 +
TCA cycle 3 4 2.71E-04 -
De novo fatty acid biosynthesis 5 15 2.78E-04 -
Fatty acid activation 4 13 5.01E-04 -
Bile acid biosynthesis 8 44 5.48E-04 -
Fatty Acid Metabolism 3 7 5.62E-04 -
Vitamin E metabolism 5 28 1.86E-03 -
Glycerophospholipid metabolism 4 20 2.11E-03 -
Glycosphingolipid metabolism 4 20 2.11E-03 -
Xenobiotics metabolism 3 15 5.55E-03 -
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