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CHAPTERI1

INTRODUCTION: MOLECULAR IMAGING WITH MALDI TRAPPED ION
MOBILITY TIME OF FLIGHT MASS SPECTROMETRY

This chapter was in part adapted from Multimodal Imaging Mass Spectrometry for Thoroughly Probing
the Chemistry within Biological System, High Performance Molecular Imaging with MALDI Trapped Ion
Mobility Time-of-Flight (timsTOF) Mass Spectrometry' and Integrating Ion mobility and Imaging Mass
Spectrometry for Comprehensive Analysis of Biological Tissue: A Brief Review and Perspective* with
permissions from the publishers and co-authors.

OVERVIEW

Biological imaging of intact tissue sections can reveal the spatial relationships of molecules
in their native environement.> Such analyses are essential for providing new insight into the
numerous biological processes in healthy and diseased samples, demonstrating their worth in
clinical and hospital settings. Imaging mass spectrometry (IMS) can achieve this by combining the
molecular sensitivity and specificity of mass spectrometry (MS) with tissue sampling technologies
that enable rapid, high spatial resolution data acquisition.*® IMS enables untargeted analysis and
visualization biomolecules within biological systems, providing ion maps that are easily correlated
to tissue histology for a diverse array of biological specimens. IMS has been used to investigate
diverse chemical classes ranging from small metabolites’, lipids®, and drugs’ to peptides'?,
glycans'""'?, and proteins!. In a typical IMS experiment, ions are generated at discrete locations
(pixels) across a defined tissue region. Each pixel is composed of an individual mass spectrum,
where molecular images can be generated for each mass-to-charge ratio (m/z) by plotting the ion
intensity of that signal throughout the entire array of pixels of the imaged sample.'* While there
are numerous IMS technologies reported in literature, the three most common include matrix-
assisted laser desorption/ionization (MALDI)'>, secondary ion mass spectrometry (SIMS)!%!7 and
desorption electrospray ionization (DESI).!31°

Matrix-assisted Laser Desorption/Ionization Imaging Mass Spectrometry (MALDI IMS)

MALDI is a common “soft” ionization technique for direct tissue analysis used to visualize
molecular species ranging from small metabolites to intact proteins.?’ The first step of MALDI
IMS, as highlighted in Figure 1.1A, typically involves sectioning tissues into thin sections and
thaw-mounting them onto a conductive glass slide.> An organic chemical compound (matrix) is
subsequently applied to the tissue to co-crystalize with the analytes, aiding in their desorption and
ionization in the MALDI process. Common matrices include 2,5-dihydroxybenzoic acid
(DHB)?! - for positive-ion mode analysis of metabolites, lipids, and peptides; 9-aminoacridine (9-
AA)*?* -for negative-ion mode analysis of metabolites, lipids, and proteins; and 1,5-
diaminonaphthalene (DAN)* - for analysis of lipids in both ion polarities (Figure 1.1B). Matrix
deposition is often performed robotically to best achieve reproducibility, analyte extraction, small
crystal size, and coating homogeneity. Alternatively, sublimation, sieving, and airbrushing are also
used in the field.%!?

Once the sample is loaded into the mass spectrometer, ions are generated by laser ablation
at each pixel.® Most modern MALDI IMS platforms utilize either a frequency-tripled Neodymium-
doped Yttrium Aluminum Garnet laser (Nd:YAG, 355 nm) or nitrogen gas laser (337.7 nm). Both

1



can achieve spatial resolutions of 5 — 20 pum using traditional front-side laser optics.>*2° In a

MALDI IMS experiment, spatial resolution is defined by the ablation area of the laser and the
distance between pixels known as “pitch” or “step size” (Figure 1.1C). Modern commercially
available lasers may also include internal galvo mirrors that enable beam steering (or scanning)
during acquisition. Instead of a circular footprint, approximated “square pixels” can be obtained
by rastering the laser to ablate material closer to the entire pixel area maximizing the sampled area
during an imaging experiment. As demonstrated by Spraggins et. al.!, square pixels increased the
number of sampled molecules by ~27% for a 10 x 10 um target pixel dimension resulting in
improved sensitivity. Efficient sampling is of particular importance for high-spatial-resolution
experiments, because as pixels become smaller, the number of molecules sampled decreases, and
the measurement approaches the limit of detection of the instrument.?’” Ultimately, spatial

A. MATRIX ASSISTED LASER DESORPTION/IONIZATION (MALDI)

lon Images

L

—
: ‘
y Loty ’Il - ML.JH
\ m/z

1. Tissue Sectioning 2. Matrix Deposition 3. Data Acquisition 4, Data Analysis & Visualization
B. Common MALDI Matrices

0 NH, o) [}
HO HC. H,CO,

OO OH RN oH
OH OH HO
NH, CH,
2,5-DHA DAN DHB SA
2,5-dihydroxyacetophenone 1,5-diaminonapthalene 2 5-dihydroxybenzoic acid  Sinapinic acid
Q NH5
NH, cl
N oH N RN N
’ >7SH
N
HO N/ N/
CHCA 9-AA 3-AQ CMBT
a-cyano-4-hydroxycinnamic acid ~ 9-Aminoacridine 3-Amincquinoline 5-Chloro-2-mercaptobenzothiazole
C. Spatial Resolution in MALDI IMS
Beam Scanning
Pkl Ak ik ko Pitch/Step Size
vo[@el a !
200N TN
Laser ] Square pixels to sample larger area of the pixel
Spot Size Pixel

Figure 1.1. Overview of the MALDI workflow including tissue sectioning, matrix deposition, data acquisition, as
well as data analysis and visualization (A); Common MALDI matrices and their chemical structures (B);
Considerations for determining spatial resolution in MALDI imaging (C).



resolution is dependent upon multiple factors such as matrix crystal size, laser focus, and stage
motor step precision. 2%

Mass Analyzers

After ions are generated, ion optics guide them through the mass spectrometer to the mass
analyzer, and subsequently to the detector.?’ Mass analyzers separate ions based on their mass-to-
charge ratios (m/z). Although there are many different mass analyzers, based on application needs,
all analyzers should ideally be able to distinguish minute mass differences while allowing for the
passage of sufficient number of ions to be readily detected. Figures of merit for mass analyzer
performance include mass accuracy and resolving power, as described in Figure 1.2, and
Equations (1) & (2).

M
' (1) Mass Accuracy
|Mexp - Mtheol 6 Mexp — experimental mass
% Miheo X 10% ppm Mineo — theoretical mass
c
2
= (2) Resolving Power (R)
m/z R = M M — observed mass

Figure 1.2. Figures of Merit for MS MpwnMm Mpwnm — peak width at half maximum
Analyzers

Time-of-Flight (TOF) analyzers are most commonly used for MALDI IMS experiments. '’
TOF analyzers separate ions based on differences in ion velocity in a high-vacuum flight tube.?’
In linear TOF analyzers, ions entering the drift tube are accelerated with the same kinetic energy
where lighter ions of the same charge will travel faster than heavier ones. Thus, lighter ions reach
the detector faster. As ions vary in their initial position and velocity, there is a significant spread
of signal in arrival times at the detector. To minimize spread and thus increase resolution and
sensitivity, ion introduction can be delayed — termed delayed extraction®’; alternatively, reflectron
TOF analyzers can be utilized. Such analyzers increase the sensitivity and mass resolution by
lengthening the analyte ion path and by reducing the kinetic energy spread by ions with the same
m/z.3!

TOF platforms are simplistic and offer analysis over a wide mass range, however they have
limited mass accuracy and resolving power.>'? By contrast, Fourier Transform ion cyclotron
resonance (FT-ICR) cell analyzers have demonstrated unsurpassed resolving power.>? In FT-ICR
platforms, generated ions are transmitted to an ICR cell that is enclosed in a magnet. The cell is
composed of three distinct sets of plates — trapping, transmitter, and receiving plates.*? In the cell,
ions move in circular orbits held in place by electric potential applied to the trapping plates, which
is perpendicular to the magnetic field. A sequence of RF pulses is applied and the ions are thus
excited to larger orbits. As ions pass by the receiver plates, the frequency of their passage is
detected as an induced “image” current. The frequency is inversely proportional to the m/z of an
ion, which can be obtained by a Fourier transformation. This type of ion detection is non-
destructive allowing for longer storage and repeated cycles of ion detection resulting in high
resolving powers. Thus, FT-ICR platforms are ideal for separating ions with similar m/z values



such as closely isobaric species. However, two ions with the same exact m/z (isomers) cannot be
resolved by the mass analyzer alone regardless of its resolving power.*? In such cases, tandem MS
(MS/MS, MS") can be used to fragment ions, where the resulting spectra can provide unique
profiles of product ions aiding in their identification.’>Alternatively, separation techniques, such
as liquid chromatography (LC) and ion mobility, can be integrated to resolve and detect isomeric
species having the same m/z value >+

Ion Mobility Mass Spectrometry

Imaging mass spectrometry can be coupled to a variety of analytical approaches to enhance
the gained information and probe the molecular complexity of biological systems in a single mass
spectrometric experiment.”>® Ion mobility enables gas-phase separation of ions according to their
shape, size, and charge on a millisecond timescale before their detection in the mass
spectrometer.>’#! Separation is achieved by introducing analytes to an electric field that provides
space separation.’” Each ion is affected differently, where molecular size-to-charge ratio
determines their mobility (K) in the system, causing ions to exit from the ion mobility cell at
differing times.***° Jons mobility is defined as the ratio of ion-gas relative velocity (v4) to the
electric field (E£) (Equation 3). Reduced ion mobility (Ky) is commonly used as it incorporates a
correction factor for pressure (p) and temperature (T) (Equation 4).** However, it is customary to
report an ion’s 1/Ky value instead, as it is proportional to its three-dimensional surface area, known
as its collision cross section (CCS).*> The CCS values can be derived from the Mason-Schamp
Equation (Equation 5).3

(3) Ton Mobility (K)

K= V4 Relative velocity (v,)
E Electric Field (F)

(4) Reduced ion mobility (Ko)

_ N Number of gas molecules
Ko = KX — .
No per unit volume (N)

Loschmidt’s number (Ng)  No =

(5) Collision Cross Section (CCS)

3 [2n g 11\
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16 I,lkBT NOKO Mjop  Mgys

Boltzmann constant (kg) 1.38 x 10¥ m?kgs? K'!




Ion mobility separation techniques include drift tube ion mobility spectrometry
(DTIMS)***, traveling wave ion mobility spectrometry (TWIMS)*®#, field asymmetric ion
mobility spectrometry (FAIMS)* 7 and trapped ion mobility spectrometry (TIMS)*° 38 Figures
of merit for ion mobility experiments include ion mobility resolving power (R) and resolution (r)
calculated using Equation (6) and (7), respectively.*!

(6) Resolving power (R)

~ 1/ K, inverse reduced mobility (1/Ko)

R peak width at half-maximum (w)

w

(7) Resolution (r)

(1/1(0)2 - (1/1(0)1

Wy + W,

r=1.18x

DTIMS is the simplest ion mobility system, in which ions traverse through a drift tube
directed by a uniform electric field in the presence of inert gas molecules.?” In TWIMS, ions are
directed through the device by symmetric potential waves. The ions are radially confined using
radio-frequency (RF) voltage on adjacent stacked-ring electrodes and a direct current (DC) voltage
is applied to create a “travelling wave”.** Structures for lossless ion manipulation (SLIM) devices
also operate under TWIMS principles, however, they incorporate long serpentine paths to enhance
ion mobility resolving power.’>>* FAIMS uses an alternating electric field, applied perpendicular
to the ion path, such that the ions experience both high and low field environments.*3*> Lastly,
TIMS is the most recently developed ion mobility technology in which ion are trapped, separated
and released from the TIMS device by a gradually reduced electric field gradient.>* All of the
highlighted ion mobility techniques, with the exception of SLIM, have been previously coupled
with imaging platforms to improve the performance of biological tissue imaging.>

Trapped Ion Mobility Spectrometry (TIMS)

TIMS is a high resolving power ion mobility technology introduced by Fernandez-Lima
and coworkers in 2011.4%35 TIMS separations are carried out in the first vacuum stage of a mass
spectrometer in an augmented ion funnel. It is composed of an entrance funnel, TIMS tunnel, and
an exit funnel.* Propelled by a carrier gas, ions are accumulated and trapped, and separated by an
electric field. To elute trapped ions, the electric field gradient (EFG) is gradually reduced, releasing
ions with ascending mobilities. The voltage range (AV:wm) and ramp time (t..,) dictate the scan
rate (S;) as shown in Equation (8).%° Scan rates dictate the separation resolution, with slower scan
rates resulting in higher resolutions. To date, TIMS platforms are capable of resolving powers of
> 200 in 50-500 ms.**->°

(8) Scan rate (Sr)

AVl”amp ramp time (tramp)

S =
" tramp voltage range (AVramp)

In 2019 Spraggins and coworkers developed a prototype MALDI TIMS imaging platform
from an electrospray ionization (ESI) timsTOF Pro instrument as depicted in Figure 1.3.! With


https://pubs.acs.org/doi/full/10.1021/acs.analchem.9b03612#fig1

respect to the original ESI-based instrument, the source housing was modified to accommodate a
MALDI stage, a sample loading chamber, and laser optics. It was designed to load and unload a
MALDI sample carrier through a vacuum isolated lock chamber similar to other MALDI
platforms. The MALDI source uses a Bruker SmartBeam 3-D laser system consisting of a
frequency-tripled solid-state Nd:YAG laser (wavelength: 355 nm) with repetition rates < 10 kHz
and internal galvo mirrors that enable beam steering during acquisition.! The beam exits the laser
as parallel light and is focused by an aspherical lens stack before it enters the vacuum chamber
through a window. Inside the vacuum chamber, a single flat mirror directs the beam to the sample
surface for ion generation. Initial MALDI TIMS IMS experiments by Spraggins et. al (2019)!
demonstrated high spatial resolution (10 um) imaging and proof-of-concept for in situ TIMS
separations. This initial MALDI TIMS IMS study showed great promise for enhanced specificity
in molecular imaging applications, particularly for metabolite and lipid analysis, where mass
redundancy and structural isomers are prevalent.'
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Figure 1.3. Prototype MALDI timsTOF mass spectrometer. (A) The developed imaging platform couples a MALDI
source capable of high-spatial-resolution and throughput imaging with an ESI timsTOF Pro mass spectrometer. (B)
Ion-mobility separations are performed in a dual TIMS funnel in the first vacuum stage of the instrument. TIMS
resolution is tunable by adjusting the electric field gradient scan time and throughput is maximized by performing
accumulation and analysis in parallel on sequential pixels. Reprinted with permission from Spraggins et. al., Analytical
Chemistry (2019). Copyright 2019 © American Chemical Society.

Lipids and Spatial Lipidomics

Lipids are essential components of the cell membrane with functions in cellular structure,
signaling, and energy storage.’®>® Lipid profiles are known to vary throughout tissues and as a
function of disease progression.’® Visualizing alterations in lipid compositions/distributions can
provide insight into different biological systems. MALDI IMS can retain analyte spatial
information, however, the structural diversity of lipids within biological systems can often be
underrepresented.®“®! The high abundance and structural diversity of lipids results in many
isobaric and isomeric structures, which poses a challenge for their analysis, as even subtle
structural differences can have significant biological implications.®> Developing more
comprehensive ways of in situ lipid characterization is essential for elucidating biological roles. 3
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therefore direct MS analysis cannot be used to distinguished the structures.’® In an imaging
context, ion images of single m/z values may depict composites of multiple lipid species leading
to misrepresentation of spatial distributions.®

To aid in structural analysis, tandem MS has been used to reveal distributions of isomeric
lipids in situ. Novel MS” techniques, including low-energy collision-induced dissociation (CID)®
with  Paterno-Biichi  derivatization®’, ozone-induced dissociation®®, and ultraviolet
photodissociation®, have revealed differential localization of double-bond positional
and sn positional isomers. While MS” techniques provide a higher degree of structural
characterization, they are highly targeted and often require additional derivatization
steps. Integration of an online chromatographic separation with direct tissue sampling can increase
the specificity of an IMS experiment, however, this setup typically requires lengthy acquisition
times.

Ion mobility has also been crucial for structural analysis of lipids, particularly in resolving
overlapping lipid signals in complex biological mixtures.**’® Mobility trendlines generated during
DTIMS and TWIMS separations have been beneficial for identifying classes and subclasses of
lipids and have also enabled increases in signal-to-noise (S/N) ratios.*>”! DTIMS and TWIMS
have both been used to separate ESI-generated lipid isomers, including s» positional, double-bond
positional, and stereochemical isomers (R versus S).”> Both techniques have previously been
utilized on instruments capable of imaging mass spectrometry. However, higher ion mobility
resolving power necessary to address isomeric signal in situ can diminish throughput significantly.
MALDI TIMS IMS shows great promise for high throughput and resolving power separations of
isomeric lipids in high spatial resolution tissue imaging applications.
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ESI and MALDI have been preferred to avoid extensive precursor ion fragmentation.®> MALDI
IMS has previously been employed to map ganglioside distributions within biological tissues,
including murine and human central nervous system tissues.*

Detailed structural characterization of ganglioside isomers is important in an imaging
context, as isomeric gangliosides are typically synthesized by different pathways, and therefore
have different distributions, biological roles, and are differentially impacted by disease.®” " A
notable example are the a- and b-series disialogangliosides (GD1a and GD1b), which differ in the
position of a single sialic acid, where GD1a has a sialic acid on the internal and terminal galactose
units whereas GD1b has both sialic acid units in a chain attached to the internal galactose unit.®°
These two gangliosides make up over 80% of the entire mammalian ganglioside content, have
different spatial distributions, and are affected differently by neurological diseases, Alzheimer’s
disease.”®*?> Being able to separate the two gangliosides would increase the specificity of the
analysis and is essential for linking structure and function. Significant strides in ganglioside isomer
separation have recently been made by Ekroos and coworkers, who recently demonstrated the
separation of GDla(d36:1) and GD1b(d36:1) in mouse hemi-brain extracts using a prototype
SLIM-MS instrument.”® Furthermore, Jackson et. al. demonstrated the combination of ion mobility



and MALDI for the analysis of GD1a and GD1b, where they show higher drift times for the GD1a
isomer.”* However, the spatial distributions of ganglioside isomers have not been directly
demonstrated in a MALDI imaging context thus far.

Gangliosides and Staphylococcus aureus

Staphylococcus aureus (S. aureus) is a widespread commensal bacterium and pathogen. It
is among the most prominent causes of bacterial infections, resulting in high rates of pathogen-
associated morbidity and mortality in the US.?” In addition to its high prevalence, S. aureus is
known for acquiring antibiotic resistance, which poses a challenge for current treatment
strategies.”®

A hallmark of S awreus . .
infections is the formation of soft tissue  Schematic
abscesses.”” Past studies of the
staphylococcal abscess architecture and
its cellular contributors led to the
development of a robust model of
abscess formation shown in Figure
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the healthy host tissue via a fibrous . ,

. . Figure 1.6. Working schematic of a mature staphylococcal abscess
capsqle. The l,eSIOH grows with the in host tissue showing a central accumulation of the bacteria into
recruitment of immune cells, and the staphylococcal abscess communities (SAC) surrounded by a
healthy host tissue is destroyed through pseudocapsule of fibrin deposits, followed by zones of necrotic and

neutrophil necrosis. The mature abscess healthy neutrophils (gray and purple cells), and a rim of eosinic
is a highly heterogeneous environment

with a diverse subset of host- and pathogen-derived molecules. A lot remains unclear about the
molecular makeup of the abscess, so spatially aware strategies that probe this environment can be
useful for untangling its molecular complexity. Furthermore, understanding the molecular changes
that occur during the infection process can help guide future treatments.

Gangliosides aid in immune system modulation in both innate and acquired immunity —
processes that are not completely understood. The high degree of structural heterogeneity results
in significant variability in their expression patterns and complicates linking structure and function.
Structural characterization at the site of infection is essential in elucidating host ganglioside
function in response to invading pathogens such as Staphylococcus aureus (S. aureus). MALDI
TIMS IMS shows great promise for in-depth structural investigation of the molecular
heterogeneity in the infection lesion. Here, we aim to investigate the complexity of ganglioside
heterogeneity and isomerism at the host-pathogen interface of an S. aureus abscess using MALDI
TIMS IMS.
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SUMMARY AND RESEARCH OBJECTIVES

MALDI IMS allows for untargeted spatial investigation of complex biological systems
such as tissue sections. Confident lipid identification and data interpretation are challenging due
to the high degree of mass redundancy, owing to the presence of isobaric and isomeric species.
Separation techniques, such as ion mobility spectrometry, can be integrated in MALDI IMS
workflows to help deconvolute the complexity of spatial lipidomics. The recently developed
MALDI timsTOF prototype instrument incorporates a high throughput, high spatial resolution
MALDI source with a TIMS separation dimension. The increase of specificity in a MALDI
experiment, provided by the TIMS dimension was quantified for the lipidomic range. For this
purpose, peak capacity, the ability of the system to resolve common mass spectral ambiguities in
situ was determined. A threefold increase in detected species was observed when incorporating
the TIMS separation dimension. Common mass spectral ambiguities, such as the double-bond
ambiguity, were readily resolved in an imaging MS experiment. Following this analysis, a
systematic analysis of common isomeric lipids standards, including sn-backbone isomers, acyl
chain isomers, and double-bond position and stereoisomers was demonstrated. As a proof of
concept, in situ separation and imaging of lipid isomers with distinct spatial distributions were
performed using tissue sections from a whole-body mouse pup. These data provide the
foundation for maximizing the sensitivity and specificity of lipid imaging experiments on TIMS-
based MALDI platforms.

The m/z range was expanded to include high-mass analytes such as gangliosides. In-tact
ganglioside analysis is challenging due to their high structural diversity as well as their
predisposition to significant in-source fragmentation. Here, sample preparation strategies were
optimized for in situ MALDI IMS of ganglioside species. Furthermore, we demonstrate the use of
MALDI TIMS IMS to distinguish GD1a and GD1b using a 1:1 mixture, a total porcine brain
ganglioside extract, and directly within thin tissue sections. With this, the unique spatial
distributions of GD1a/b(d36:1) and GD1a/b(d38:1) isomers were revealed in both rat brain and
spinal cord samples at 20 um spatial resolution.

The developed methods provided enhanced specificity of ganglioside analysis, necessary
to evaluate the structural complexity of ganglioside species within an S. aureus abscessed region.
The structural diversity of ganglioside species, present in the host-pathogen interface, were
characterized in terms of glycan headgroup, ceramide, and sialic acid diversity. Isomeric
gangliosides, including a- and o- series GM1 (both Neu5Ac and Neu5Gc) species were detected.
Spatial investigation revealed new molecular signatures that were not revealed by traditional
microscopy. Lastly, spatial investigation of molecular distributions within infected tissues over 4,
6, and 10 days post infection (dpi) revealed alteration in relative GM 1b/GM1a isomer abundances
throughout the course of the infection. Through these studies MALDI TIMS IMS is shown to be
an optimal technology for providing thorough characterization of complex lipid structures within
infected tissues.
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CHAPTER 1T

INCREASING THE SPECIFICITY OF SPATIAL LIPIDOMICS
WITH MALDI TIMS IMS

This chapter was in part adapted from High Performance Molecular Imaging with MALDI Trapped
Ion Mobility Time-of-Flight (timsTOF) Mass Spectrometry' and Resolving the Complexity of
Spatial Lipidomics Using MALDI TIMS Imaging Mass Spectrometry®® with permissions from the
publishers and co-authors.

OVERVIEW

MALDI IMS allows for direct mapping of biomolecules in tissues. Fully characterizing the
structural diversity of lipids remains a challenge due to the presence of isobaric and isomeric
species, which greatly complicates data interpretation when only m/z information is available.
Integrating ion mobility separations aids in deconvoluting these complex mixtures and addressing
the challenges of lipid IMS. Here, we demonstrate that a MALDI quadrupole TOF mass
spectrometer with TIMS enables a > 250% increase in peak capacity during IMS experiments.
MALDI TIMS IMS separation of common isobaric interferences, including the double bond
ambiguity, was demonstrated. Lipid isomer standards, including sn backbone isomers, acyl chain
isomers, double-bond positional isomers, and stereoisomers, were also analyzed. Finally, the
utility of MALDI TIMS IMS for lipidomic analysis was shown by in situ separation and imaging
of lipid isomers with distinct spatial distributions in tissue sections from a whole-body mouse pup.

INTRODUCTION

Lipids are crucial components of cellular membranes with essential functions in cellular
structure, signaling, energy storage, and homeostasis.’®!% They are structurally diverse molecules,
with many having the same nominal mass and some having the same exact mass.’® Developing
more comprehensive ways of characterizing these complex mixtures in tissues is important, as
even subtle structural differences can have significant biological implications. Mass spectrometry
is a powerful tool for lipid analysis with common ex vivo approaches utilizing electrospray
ionization and either direct infusion of lipid extracts or separations via liquid chromatography,
neither of which retains the spatial information of analytes in tissues. In contrast, MALDI IMS,
which analyzes biomolecules in situ, enables highly specific mass analysis while retaining analyte
spatial information.!'*!

The structural diversity of lipids in tissues can often be under-represented during MALDI
IMS experiments owing to the presence of isobars and isomers that cannot be distinguished by
their measured m/z alone.”® High resolving power and high mass accuracy instrumentation,
including FT-ICR and Orbitrap mass analyzers, have been critical in enabling both lipid
identification at the sum composition level, as defined by Liebisch et al.'®, and isobar
differentiation. However, structural isomers with identical masses cannot be separated by high
mass resolving power instruments. In these cases, ion images of single m/z values may depict
composites of multiple lipid species having the same m/z value. More advanced techniques, such
as tandem MS (MS?®), can be used to reveal distributions of isomeric lipids in situ.>> More
specifically, techniques including low-energy collision-induced dissociation with Paterno—Biichi
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derivatization, ozone-induced dissociation, and ultraviolet photodissociation have revealed
differential localization of double-bond positional and sn positional isomers.!?>!%* While
MS" techniques provide a higher degree of structural characterization, they are highly targeted and
may provide a very narrow analytical window.!%*

Ion mobility enables gas-phase separation of molecules according to their shape, size, and
charge on timescales that are compatible with typical IMS experiments.?* DTIMS and TWIMS
have been used to separate ESI-generated lipid isomers, including sn positional, double-bond
positional, and stereochemical isomers.”? The ability of TIMS to resolve isomeric lipids via liquid
chromatography-TIMS-MS suggests that it has the capability to resolve isomeric lipids in situ.'%
Integrating TIMS with IMS has shown resolving powers > 200 in 50 — 500 ms, which has great
potential for high-resolution separations. While a MALDI TIMS-MS platform has successfully
been used to separate and spatially map lipid species that overlap in the m/z space®!%, a full
assessment of the effect of TIMS on peak capacity and isomer separation in an imaging context
has not been demonstrated yet.

Here, we present the use of TIMS technology for increasing peak capacity and
deconvolution of complex lipid mixtures in an imaging context. The high-resolution separation of
the MALDI-generated lipid isomer standards is demonstrated followed by an in situ assessment of
lipid peak capacity using TIMS IMS and visualization of the lipid isomers in a full-body mouse
pup tissue. These data provide the foundation for maximizing the sensitivity and specificity of
lipid imaging experiments on TIMS-based MALDI platforms.

RESULTS AND DISCUSSION
Enhancing Peak Capacity with TIMS

Direct sampling of lipids from tissues by IMS produces complex mass spectra. To assess
the advantage of incorporating TIMS into an IMS workflow, spectral peak capacity (i.e., the
number of detected features) was determined for an average spectrum of a whole-body mouse pup
tissue image. Peak capacity is determined by peak picking the data to identify the number of unique
mass spectral features with and without incorporating TIMS data. When the TIMS dimension is
incorporated, the peak capacity is determined as the number of unique mass spectral and associated
mobility features. For the mouse pup dataset, the average mass spectrum from m/z 680 to 880 with
no ion mobility separation has a peak capacity of 247. Over the same m/z range, with a 650 ms
TIMS separation, the peak capacity increased to 916. In this example, integrating ion mobility into
the MALDI IMS workflow provided a threefold increase in the number of detected features. The
increased peak capacity afforded by TIMS results from the separation of isobaric and isomeric
species that otherwise overlap in the m/z dimension. Specific examples of such interferences are
highlighted in the following sections.

Resolving Isobaric Interferences in situ
Unresolved lipid isotopic overlaps can lead to artificially high mass errors that preclude
identification.'””-!% JTon mobility allows for gas-phase separations that help address this spectral

complexity. To evaluate the utility of MALDI TIMS for resolving isobaric signals in the m/z
dimensions, whole-body mouse pup sections were analyzed.
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A well-documented example of isobaric interference that occurs with lipid analysis is the
“double-bond ambiguity”.! It arises from the overlap of an M+2 isotopologue of one species with
the monoisotopic (M) peak of another lipid of the same class with one fewer double-bonds giving
rise to a mass difference of 0.00895 Da. While TOF instruments generally are not able to resolve
the double-bond ambiguity, the added dimension of ion mobility allows for gas-phase separations
of overlapping isotopes. An in situ example of phenomenon can be seen for ion with m/z 848.55
(Figure 2.1). With a TIMS ramp time of 650 ms, the ion of m/z 848.55 resolved into two mobility
peaks: 1/Ko 1.475 and 1/Ko 1.492. Figure 2.1A shows the composite ion image combining the
mobility-separated species for m/z 848.55, where Figure 2.1B and C show the individual ion
images for 1/Ko 1.475 and 1/Ko 1.492, respectively, each of which localizes to distinct regions of
the tissue. For example, 1/Ko 1.492 is found at higher abundance in the brain and with more distinct
localization to the intestinal walls as compared to 1/Ko 1.475, which shows unique localization in
the adipose tissue. Figure 2.1D shows the ion image of m/z 846.54 for the ion with 1/Ko 1.475,
which, by comparison, localizes to the same regions of tissues as m/z 848.55 with 1/Ko 1.492.
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Figure 2.1. MALDI TIMS resolved the double-bond ambiguity for m/z 848.55 in a whole-body mouse pup tissue
section. The extracted ion mobilogram of m/z 848.55 showed two peaks - 1/Kg 1.492 and 1/Ko 1.477 (A). Composite
image of the two ions (A) and individual ion images for 1/Ko 1.492 (B) and 1/K, 1.477 (C) highlight differences in
their spatial distributions. The ion image of m/z 846.54 + 1/K, 1.477 (D) localizes to the same regions as m/z 868.55
for the same mobility range (C). Species m/z 848.55 + 1/Kq 1.492 likely corresponds to the monoisotopic peak of
[PC(38:4) + K]", while m/z 848.55 + 1/K 1.477 corresponds to the M + 2 peak of [PC(38:5) + K]*. Reprinted with
permission from Djambazova et. al., Analytical Chemistry (2020) Copyright 2020 © American Chemical Society.
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Considering the intact mass measurements and differences in spatial localizations, the species
at m/z 848.55 with a 1/Ky 1.492 likely corresponds to the monoisotopic peak of [PC(38:4) + K]",
while the species of m/z 848.55 with 1/Ky 1.475 corresponds to the M + 2 peak of [PC(38:5) + K]".
Without a mobility separation, m/z 848.55 would be assigned solely as the higher intensity
[PC(38:4) + K]  and the generated ion image would provide a skewed representation of its
distribution throughout the tissue.

Another mass spectral ambiguity, resulting in a 0.0025 Da mass difference, arises from the
overlap of sodiated and protonated ions of the same lipid class, where the protonated ion has two
additional carbons and three additional double bonds in the fatty acyl chain.!® A prime example
for this was observed at m/z 756.55 (Figure 2.2A). The extracted ion mobilogram of that m/z-value
resolved individual ions with 1/Ko 1.465 and 1/Ko 1.505, (Figure 2.2A). Here, the ion image was
dominated by the more abundant species (1/Ko 1.505). However, the two species displayed
drastically different spatial distributions across the imaged sample. The lower mobility ion (1/Ko
1.465) identified as [PC(34:3)+H]", was detected throughout the animal but had a lower abundance
within the brain and brain stem (Figure 2.2B). Conversely, the higher mobility isobar, identified
as [PC(32:0)+Na]’, was primarily found within the brain, spine, and intestines (Figure 2.2C).
Identification of these species was done by FT-ICR MS/MS, as described in the methods section
(Appendix 6.1.1. & 6.1.2).
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Figure 2.2. MALDI TIMS IMS can resolve ions with a 2.5 mDa mass difference in situ , as demonstrated in the
extracted ion mobilogram of m/z 756.55 (A). [PC(34:3) + H]" is found throughout the tissue except the brain and
spinal cord. (B); [PC(32:0) + Na]* localizes to the brain, spine, and intestines (C). Adapted with permission from
Spraggins et. al., Analytical Chemistry (2019) Copyright 2019 © American Chemical Society.
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These examples highlight the power of ion mobility separations in improving specificity
and molecular coverage in direct tissue analysis. Resolving the aforementioned differences in mass
(0.00895 Da and 0.0025 Da) requires resolving powers >300,000 at m/z 760, which can only be
performed on FT-ICR/Orbitrap mass spectrometers. Resolution of this magnitude is challenging
to achieve and requires long scan times (~1.5-3 s). For example, an FT-ICR IMS experiment
would require over 200 hours to achieve baseline resolution of these two isobars at the same spatial
resolution as acquired on the TIMS imaging experiment here. By contrast, MALDI TIMS IMS can
separate the isobars while maintaining < 2 pixels/s throughput. Furthermore, differentiating
various ionizing adducts (e.g., H" , Na", and K*) is important for imaging experiments, as they are
regularly generated by MALDI tissue analysis and cannot be removed without additional sample
preparation.® Unless MS/MS is performed, differences in the distributions of these species
typically go unnoticed, potentially reducing the quality or accuracy of resulting IMS information.

Systematic Analysis of MALDI-Generated Lipid Isomer Standards

Isomers have the same chemical formulas (identical m/z values) and therefore cannot be
separated in m/z space alone. Gas-phase separations prior to MS detection have been successful in
resolving isomeric species.!?-!!® Here, MALDI TIMS isomer separations were evaluated in both
positive- and negative-ion mode. The instrumental performance was assessed using standards
including isomers with differences in sn-position, acyl chain composition, double-bond position,

and double-bond stereochemistry
(Figure 2.3). These standards
have previously been
characterized using ESI
techniques in combination with
TIMS, as well as other separation
techniques.!”!!'' MALDI TIMS
analyses, however, lay the
groundwork for isomer
differentiation within a molecular
imaging context. Extracted ion
mobilograms were generated for
each standard as well as for the
mixtures of isomeric standards.
Both ion mobility resolving
power (R) and resolution (r)
(Equations (6) & (7), Chapter
I), were calculated.

sn-Position

MOLECULAR STRUCTURES OF ANALYZED ISOMERS
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Figure 2.3. Molecular structures of sn-position, double-bond position, and
double-bond stereochemistry isomers standards, analyzed in this chapter.

Subtle differences in glycerophospholipid structure, including differences in acyl chain
positions, can have dramatic effects on biological functions. A unique case of the sn positional
isomers is Bis(monoacylglycerol)phosphates (BMPs) and phosphatidylglycerols (PGs) are a
unique case of sn positional isomers. In contrast to PGs, where both acyl chains are connected to
the glycerol backbone, BMPs have one acyl chain connected at the sn-1 position on the glycerol
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backbone, and a second acyl chain connected to the sn-1'position of the glycerol headgroup,
resulting in an unusual sn-1:sn-1'orientation.!?!1® Differentiation of BMPs and PGs is important,
as both are present in mammalian cells, but differ in their biological roles and cell locations.!!?
BMP lipids have been found in the endosomal and lysosomal compartments of the cell and have
been associated with Niemann—Pick disease, an endosomal/lysosomal storage disease.!!*!!3 PGs,
on the other hand, are thought to have antiviral properties, inhibiting viral proliferation in the lungs
including respiratory syncytial virus.!1%!!4

Characterizing sn-positional isomers is particularly challenging as collision-based tandem
mass spectrometry methods produce spectra with differences only in ion abundances, i.e., only
non-unique identifying ions are produced.'!° To evaluate the utility of MALDI TIMS as a platform
to separate PG and BMP isomers, mobility data were collected for the PG (14:0/14:0) and BMP
(14:0/14:0) standards (Figure 2.4A). Compounds were first analyzed individually to determine
mobility values. The MS1 spectrum for each standard contains a predominant ion of m/z 665.49
corresponding to the [M—H] species for each lipid. The measured 1/Ky values were 1.268 and
1.283 for PG(14:0/14:0) and BMP (14:0/14:0), respectively. The difference in backbone
orientation results in an increased distance between the acyl chains and consequently, an increased
difference in collision cross section between BMP and PG.!” A 1:1 mixture was then analyzed to
evaluate the separation of the isomers. An extracted ion mobilogram was generated for the
deprotonated species (m/z 665.49), and the two peaks could be resolved in the mobilogram (1.270
and 1.282). The mobilogram of the mixture showed separation of the two species with a resolution
of 0.84. Based on the 1/Kj values, our results indicate that the PG has a more compact structure
than the BMP, which is consistent with previous studies. '

Acyl Chain Composition, Double-Bond Position, and Double-Bond Stereochemistry

The biophysical effects of acyl chain compositions and the positions and stereochemistry
(cis (Z) vs trans (E)) of double bonds in lipid acyl chains are well-documented.®*!!®> The thickness
and fluidity of biological membranes are affected by lipid double-bond stereochemistry, as well as
acyl chain length.!%!1® Specifically, shorter acyl chains and cis double bonds result in thinner,
more fluidic membranes.!!” Lipids with trans double bonds are known to cause changes in
membrane function and inhibition of lipid enzymatic pathways.'!¢ Differences in double-bond
position, on the other hand, have been linked to the development of various diseases, including
cancer and type-2 diabetes'®®, and have been known to influence lipid-protein binding!'®. To assess
the separation capabilities of MALDI TIMS for such isomers in both negative and positive
ionization mode, lipids with differences in acyl chain composition, double-bond position, double-
bond stereochemistry, and combinations of composition, position, and stereochemistry were
examined.

First, MALDI TIMS was performed in negative ionization mode for the deprotonated ions
of PG (18:1(9E)/18:1(9E)) and PG (18:0/18:2(9Z,12Z7)) standards (Figure 2.4B). Both lipids have
two unsaturations: PG (18:0/18:2(9Z,127)) has two double bonds on the same acyl chain in cis
stereochemistry and PG (18:1/18:1(9E)) has a single unsaturation on each chain with trans
stereochemistry (these lipid standards differ in acyl chain composition, double-bond position, and
double-bond stereochemistry). The mass spectrum of each standard was dominated by the [M—H]~
ion at m/z 773.53. The measured 1/Ko values for PG (18:1(9E)/18:1(9E)) and PG (18:0/18:2-
(97,127)) were 1.394 and 1.383, respectively. The lower 1/Ko value for PG (18:0/18:2(9Z,127))
suggests that it assumes a more compact gas-phase structure. A mixture of the two standards shows
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partial separation (r 1.0) suggesting that the isomers with differences in acyl chain composition,
double-bond position, and stereochemistry could be resolved in situ. To further test the separation
capabilities for more subtle differences in structures, mobility data were collected for PG
(18:1(9E)/18:1(9E)) and PG (18:1(9Z)/18:1(9Z)) standards, which only differ in double-bond
stereochemistry. Extracted ion mobilograms of the deprotonated species (m/z 773.53) are shown
in Figure 2.4C. The measured 1/Ky values for individual PG (18:1(92)/18:1(9Z2)) and PG
(18:1(9E)/18:1(9E)) were 1.381 and 1.394, respectively. The mixture of PG (18:1(9Z)/18:1(92))
and PG (18:1(9E)/18:1(9E)) confirms that the deprotonated species of each lipid can be well
resolved (r 1.1). Based on the lower mobility value, PG (18:1(9Z2)/18:1(9Z)) takes on a more
compact gas-phase structure than PG (18:1(9E)/18:1(9E)). Our results from both isomer pairs
suggest that the lipids with cis double bonds have more compact structures than lipids with trans
double bonds. These findings are aligned with the existing literature, as cis double bonds are
believed to introduce a bend or curl in otherwise linear acyl chains.!?

MALDI TIMS separations of double-bond position and stereoisomers were also evaluated
for cationic lipids. Positive ionization mode analysis was carried out on sodium-adducted PC
standards. Figure 2.4D shows the extracted ion mobilograms of the [M + Na]" ion (m/z 808.57)
for PC (18:1(62)/18:1(6Z)) and PC (18:1(9E)/18:1(9E)) that vary in both double-bond position
and stereochemistry. The individual mobilograms of the sodiated species show that PC
(18:1(9E)/18:1(9E)) (1/Ko 1.462) has a lower mobility value than PC (18:1(6Z)/18:1(6Z))
(1/Ko 1.468). The two standards are not well resolved from a mixture of the standards (r 0.52). Our
results suggest that the 9E isomer results in a more compact structure than the 6Z, which is
consistent with previously published data, suggesting that the trans orientation is more impacted
by the sodium adduct, pulling it closer to the headgroup, resulting in a more compact conformation
than the 6Z.'” To investigate the effect of double-bond position alone, standard PC
(18:1(62)/18:1(6Z)) was analyzed with PC (18:1(92)/18:1(9Z)) in a 1:1 mixture (Figure 2.4E).
The individual extracted ion mobilograms (m/z 808.57) show that the 9Z isomer results in a smaller
structure than the 67, with 1/K 1.458 and 1.468, respectively. The mobilograms of the mixture
show separation of the two species with a resolution of 1.01. Our results indicate that the 9Z isomer
results in a more compact structure. This finding is also supported by previous literature, stating
that cis double bonds further from the carboxyl end curl the acyl chain more, causing smaller
conformations.'?”

Finally, mobility separations were performed on isomers that vary only in the position of a
single double bond using PC (18:1(92)/16:0) and PC (18:1(11Z)/16:0) standards (m/z 782.56,
[M+Na]’, Figure 2.4F). These lipid species are generally abundant in biological tissues and
represent an interesting biological target. For instance, Paine et al. have demonstrated that although
both PC (18:1(9Z)/16:0) and PC(18:1(11Z)/16:0) are found in the rat brain tissue, their relative
abundances vary between white matter and gray matter.> The individual mobilograms suggest
that the 11Z isomer has a more compact structure (1/Ky 1.430) than the 9Z isomer (1/Ky 1.436).
Despite the difference in a single double-bond location being very subtle, slight separation in the
mobilogram was still observed (r 0.59).
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Figure 2.4. Extracted ion mobilograms of the MALDI-generated ions of isomeric lipid standards for both negative (A
— C) and positive ionization mode (D — F). Analysis of sn backbone isomers PG (14:0/14:0) and BMP (14:0/14:0)
(M — HJ ", m/z 665.49) (A); analysis of double-bond position and sterecoisomers PG (18:0/18:2 (9Z, 12Z)) and PG
(18:1/18:1 (9E)) (B) and PG (18:1(9Z)/18:1 (92)) and PG ((18:1(9E)/18:1(9E)) ([M — H]", m/z 773.53) (C). Analysis
of double-bond position and stereoisomers: PC (18:1(9E)/18:1(9E)) and PC (18:1(6Z2)/18:1(6Z)) (D) and PC
(18:1(92)/18:1(9Z)) and PC(18:1(6Z)/18:1(6Z)) (IM + Nal", m/z 808.57) (E), as well as PC (18:1(11Z)/16:0) and
PC18:1(9Z)/16:0) ([]M + Na]*, m/z 782.56) (F). Resolving power (R) and resolution (r) are listed where appropriate.
Reprinted with permission from Djambazova et. al., Analytical Chemistry (2020) Copyright 2020 © American
Chemical Society.

MALDI TIMS Separation and Localization of the Lipid Isomers in situ

MALDI TIMS-IMS was used to visualize the spatial distribution of the lipid isomers in whole-
body mouse pup tissues. From the average mass spectrum, an example of isomeric overlap was
highlighted at m/z 718.58, where three distinct species were resolved in the extracted ion
mobilogram (Figure 2.5A). A composite ion image for m/z 718.58 including all mobility-resolved
conformers (1/Ko 1.410 - 1.452) (Figure 2.5A) was generated, followed by ion images for each
ion mobility-separated species (Figure 2.5B-D). Each ion has a unique spatial distribution within
the mouse pup tissue. The ion with 1/Ko 1.419 (Figure 2.5B) is the highest-intensity ion that
localizes to the organs of the abdominal cavity, the spinal cord, and the brain with lower intensity.
The ion with 1/Ko 1.436 (Figure 2.5C) localizes primarily to the liver and the connective tissue
and is completely absent in the brain. Finally, the ion with mobility 1/Ky 1.449 (Figure 2.5D)
localizes to the liver and has very low intensity or is below the limits of detection throughout the
rest of the body. From the composite image, the highest-intensity ion (1/Ko 1.419) dominates the
ion image, and the spatial distributions of the other two conformers are not observed. An overlay
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image of each of the ion mobility-resolved species is shown in Figure 2.5E highlighting the unique
spatial distributions of each lipid. To determine if these ions were isobars or isomers, and to assist
in identification, a serial section of the whole-body mouse pup was analyzed using MALDI FT-
ICR MS, as described in the methods section. The whole-body average FT-ICR spectrum suggests
that the ions separated in mobility space are, in fact, isomers, tentatively identified as
[CerP(t40:1)+ H]', [PC(0-32:1) + H]", and [PC(P-32:0) + H]" (0.14 ppm error). This data further
confirms that the composite ion image of m/z 718.58 is biased toward the most intense ion in the
mass spectrum.
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Figure 2.5. MALDI TIMS IMS separation and visualization of lipid isomers in a whole-
body mouse pup. A composite image of all three peaks in the extracted ion mobilogram
(1/Ko 1.410-1.452) of m/z 718.58 is shown in panel (A). Each panel highlights an ion
image generated for three distinct mobility range, 1/Ko 1.410 — 1.428 (B), 1.430 — 1.441
(C), and 1.446 — 1.452 (D), and an overlay of all three mobility peaks in panels (E). The
average ion image (A) is dominated by the spatial distributions of the highest-intensity
ion (B). Reprinted with permission from Djambazova et. al., Analytical Chemistry
(2020) Copyright 2020 © American Chemical Society.
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CONCLUSION

This work demonstrated the use of a MALDI timsTOF IMS for enhanced peak capacity
and lipid isomer differentiation. Additional 669 features were detected by incorporating TIMS,
resulting in a threefold increase in peak capacity. MALDI TIMS separation of the lipid isomer
standards, including sn-backbone isomers, acyl chain isomers, and double-bond position and
stereoisomers, was also demonstrated. Of note is the partial separation of PC (18:1(9Z)/16:0) and
PC (18:1(11Z)/16:0) because the two species vary in a single double-bond location and require
high resolving powers (> 250) to separate in mixtures. Resolving these standards lays important
groundwork for further MALDI TIMS-IMS experiments, as both species are present in biological
tissues, but may differ in relative abundances and spatial distributions.

Finally, in situ separation and imaging of the lipid isomers with distinct spatial
distributions was performed using whole-body mouse pup section. Gas-phase isobar and isomer
separations confirm TIMS as a valuable tool that can bring new dimensions to IMS experiments.
Lipid identification, however, remains a challenge, and TIMS data was supplemented with
MALDI FT-ICR imaging to provide tentative lipid isomer identifications. Here, we show that
incorporating TIMS in a MALDI IMS workflow enhances the specificity of the experiment.
Building on this, future multimodal studies that combine high-performance MALDI TIMS with
advanced structural identification methods have the potential to further increase the depth of
characterization of the lipids in situ.

METHODS
Materials

Acetic acid, ammonium formate, DAN and DHA were purchased from Sigma-Aldrich Chemical
Co. (St. Louis, MO, USA). High-performance liquid chromatography (HPLC)-grade acetonitrile,
methanol, ethanol, isopropanol, chloroform, and tetrahydrofuran (THF) were purchased from
Fisher Scientific (Pittsburgh, PA, USA). Lipid standards were purchased from Avanti Polar Lipids
(Alabaster, AL, USA).

Sample Preparation

For tissue preparation, 1 week old C57BL/6 control mouse pup was snap-frozen at —80 °C,
shaved over dry ice, and cryosectioned (20 um thickness) using a CM3050 S cryostat (Leica
Biosystems, Wetzlar, Germany). The tissue was thaw-mounted onto conductive ITO-coated glass
slides (Delta Technologies, Loveland, CO). The tissue section used for the Na'/H" ambiguity study
was prepared by sublimating DAN matrix onto the tissue surface (~1.0 mg/cm?). For matrix
deposition, slides containing tissue were taped to the bottom of the condenser in a simple
sublimation apparatus. Approximately 500 mg of DAN was sublimed at 130 °C and 24 mTorr for
3.5 min. For all other mouse pup tissue analyses described in this chapter, tissue sections were
placed on a heated metal block (75 °C) and coated with a 15 mg/mL solution of DAN dissolved in
THF using a TM Sprayer (HTX Technologies, LLC, Chapel Hill, NC) operating with 0.05 mL/min
flow rate, 5 passes, 0 s drying time, and 40 °C spray nozzle. For lipid standard analyses, the
standards (in chloroform) were aliquoted in vials (5 mg/mL), dried down with nitrogen gas, and
dissolved in 80% methanol for a final concentration of 1.0 mg/mL. The aliquots were then mixed
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with DHA matrix and dissolved in 90% acetonitrile for a final lipid concentration of 0.2 mg/mL.
The mixtures were spotted on a polished steel plate - MTP AnchorChip target (Bruker Daltonics,
Bremen, Germany).

MALDI TIMS IMS

All experiments were carried out on a prototype MALDI timsTOF Pro mass spectrometer
(Bruker Daltonics, Bremen, Germany). The mouse pup section used for the Na'/H" ambiguity
study was acquired in TIMS mode of operation with an ion transfer time of 80 us, prepulse storage
time of 10 ps, collision RF of 2000 Vpp, TIMS funnel 1 (accumulation) RF of 350 Vpp, TIMS
funnel 2 RF (analysis) of 400 Vpp, multipole RF of 500 Vpp, and a collision cell entrance (in)
voltage of 300 V. Imaging data were acquired at 50 um spatial resolution with beam scan on (46
pm) using 400 shots per pixel and 60% laser power. Data were collected in positive ionization
mode from m/z 50 to 1500. The TIMS EFG scan time was set to 400 ms, with a 1/Ko range of
0.900 — 1.800 (V-s)/cm?. All remaining mouse pup data were acquired in TIMS mode of operation
with an ion transfer time of 100 ps, prepulse storage time of 8 ps, collision RF of 2000 Vpp, TIMS
funnel 1 RF of 450 Vpp, TIMS funnel 2 RF of 400 Vpp, multipole RF of 400 Vpp, and collision
cell entrance voltage of 300 V. Tissue imaging data (1 96 514 pixels) were collected at 50 um
spatial resolution with beam scan on (46 um) using 200 shots per pixel and 48% laser power. Data
were collected in positive ionization mode from m/z 50 — 1500. The TIMS EFG scan time was set
to 650 ms with a 1/K range of 1.370 — 1.520 (V-s)/cm? (S; = 0.03 V/ms).

The lipid standards data were acquired in TIMS mode of operation with the specific tuning
of TIMS ramp time, mobility range, and scan rate for each of the analyzed standards. Data were
acquired at 20 um spatial resolution with ~25% laser power at 10 kHz, 200 shots per pixel, and
~200 pixels per sample. Based on the laser repetition rate and the number of shots per pixel, the
ion accumulation time per pixel was 20 ms. For all isomer standard experiments, tamp Was kept
constant (650 ms) and the mobility range was manipulated such that AViamp, and therefore scan
rate (Sr = ~0.01 V/ms), were kept constant across all experiments. A full list of the experimental
parameters is included in Table 2.1.

Table 2.1. TIMS Parameters Optimized for Lipid Standard Analysis

Lipid | Ton | tamp(ms) | VKs | Vem(®) | AV(V) | Sr(V.ms?)
Negative ion mode
PG (14:0/14:0) ]
BMP (14:0/14:0) [M-H] 650 1.24-1.31 | 139.0-129.7 9.3 0.014
PG (18:0/18:2 (9Z,127)) ] B )
PG (18:1/18:1 (9E)) [M-H] 650 135142 | 153.5—144.2 9.3 0.014
PG (18:1/18:1 (92)) ] B -
PG (18:1/18:1 (9E)) [M-H] 650 135142 | 153.5—144.2 9.3 0.014
Positive Ion Mode
PC (18:1/18:1 (6Z)) B B ]
PC (18:1/18:1 (9E)) [M+Na] 650 1.44-149 | 164.1-156.9 7.2 0.011
PC (18:1/18:1 (6Z)) B B 3
PC (18:1/18:1 (97)) [M+Na] 650 1.44-149 | 164.1-156.9 7.2 0.011
PC (18:1(9Z)/16:0) B B }
PC (18:1(112)/16:0) [M+Na] 650 1.42-1.46 | 159.8—154.1 5.7 0.009
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TIMS imaging data was visualized using custom in-house developed software and SCiLS
(Bruker Daltonics, Billerica, MA, USA). Lipid identifications were determined with high mass
accuracy, and LIPIDMAPS lipidomics gateway (lipidmaps.org)''® and/or by performing MS/MS
in the collision cell of the prototype MALDI timsTOF platform (40 V CID).

MALDI FT-ICR IMS & MS/MS

To assist in molecular identification, high-mass-resolution imaging mass spectrometry of
whole-body mouse pup tissue was performed using a 15T MALDI FT-ICR mass spectrometer
(Bruker Daltonics, Billerica, MA, USA). The instrument is equipped with an Apollo II dual
MALDI/ESI ion source and a Smartbeam II 2 kHz frequency tripled Nd: YAG laser (355 nm).
Images were generated using the “small” laser setting of ~50 um with a pixel spacing of 150 um
in both the x and y dimensions. The recorded mass spectrum had a m/z range of 460 — 1500 with a
transient length of 4.2 s resulting in a resolving power of ~600,000 at m/z 760.

Data Processing and Data Analysis
Imaging

The mouse pup data was exported into a custom binary format optimized for storage and
speed of analysis of the ion mobility-IMS data collection. Each frame/pixel contains between
10,000 and 100,000 centroid peaks that span the acquisition range of m/z 50 — 1500 and 1/Ko 1.370
—1.520 (Vs)/cm? with 400,577 and 5857 bins in the MS and ion mobility dimensions, respectively.
For the Na"/K" dataset, those parameters are as follows: acquisition range of m/z 300 — 1200 that
consists of 221 888 and 4001 bins in the MS and ion mobility dimensions, respectively. The
processing pipeline requires common m/z and 1/Ko axes, hence individual centroid peaks were
inserted at their correct bin position along the MS and ion mobility dimensions; missing values
were set to zero. Following the conversion process, a mean mass spectrum of the entire data set
was generated and peak picked. A total of ~400 most intense ions were then selected and extracted
to generate ion mobility-rich ion images. Each of the extracted ion mobility-ion images was peak-
picked (in the ion mobility dimension) and automatically fitted with Gaussian distributions to
identify single and multiconformational species. lon mobility-selected ion images were then
visualized to examine the conformational-specific localization in the spatial domain.

Peak capacity

A peak in the m/z domain corresponds to a spectral feature for which the area under the
curve (AUC) was calculated and the full-width at half-maximum (FWHM) was determined. An
in-house developed peak picker was used to create a list of spectral features found in the average
mass spectrum, which were then filtered based on the minimal intensity (>0.1% of the base peak).
In the TIMS dimension, a peak corresponds to a feature that was fitted with a single Gaussian
curve allowing for the calculation of the AUC and FWHM. lon mobility profiles containing
multiple conformations were fitted with multiple Gaussian peaks to represent the profile, as a
single m/z species can have several ion mobility features. For lipid standard analysis an average
mass spectrum of each dataset was opened in DataAnalysis (Bruker Daltonics, Billerica, MA,
USA), where the extracted ion mobilograms of each ion of interest were generated.
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CHAPTER III

EXPANDING MALDI TIMS COVERAGE FOR HIGH MASS ANALYSIS:
GANGLIOSIDES

This chapter was in part adapted from MALDI TIMS IMS of Disialoganglioside Isomers — GDla
and GD1b in Murine Brain, with permission from the co-authors.

OVERVIEW

Gangliosides are complex acidic glycosphingolipids with essential functions in the
mammalian nervous system. Intact ganglioside analysis can be challenging due to their
amphiphilic character and tendency toward in-source fragmentation. Thus, soft ionization sources,
such as MALDI, have been preferred for MS analysis of gangliosides. Here, we demonstrate the
MALDI TIMS IMS of gangliosides in situ. First, sample preparation considerations were
optimized to enhance signal intensity, limit in-source fragmentation, and reduce analyte
delocalization for high spatial resolution analysis of gangliosides. Salt deposition strategies,
namely washing and spraying the tissue section prior to analysis with ammonium sulfate and
ammonium formate were tested. Following salt deposition, different matrices were tested and
compared, namely DAN, DHB, DHA, and ACA. The TIMS dimension was then incorporated to
distinguish isomeric gangliosides - GDla and GDIb in a 1:1 mixture, a total porcine brain
ganglioside extract, and directly within thin tissue sections. Lastly, the unique spatial distributions
of GD1a/b(d36:1) and GD1a/b(d38:1) in both rat brain and spinal cord samples were mapped at
20 um spatial resolution.

INTRODUCTION

Gangliosides are acidic glycosphingolipids, highly abundant in the mammalian nervous
system.”>8! As critical components of neuronal and glial cells, they play an essential role in
neuronal development and maturation, as well as cellular signaling.'?*!?! These molecules have
been implicated in brain injury'??, as well as in neurological diseases including Guillain-Barre
syndrome!'?*"125 Alzheimer’s®*!?®, and Huntington’s disease'?’, and remain an active area of
interest for developing therapeutics.'?®

Gangliosides consist of a hydrophobic ceramide lipid backbone and a hydrophilic
oligosaccharide chain of varying length with one or many sialic acid residues.’*3! The major
mammalian brain gangliosides - GM1, GD1a, GDI1b, and GT1b share the same tetrasaccharide
core and make up over 80% of the entire mammalian ganglioside content.!?® Of the highlighted
gangliosides, GD1a and GD1b differ in the position of a single sialic acid, where GD1a has a sialic
acid on the internal and terminal galactose units, and GD1b has both sialic acids in a chain attached
to the internal galactose. In addition to the sialic acid location, the diversity in
ceramide/oligosaccharide chain composition also contributes to the large number of ganglioside
isomers. This greatly increases structural complexity and presents a challenge for comprehensive
analysis of this class of biomolecules.3'3

Traditionally, ganglioside distributions in murine brain tissues are characterized using
immunohistochemistry (IHC) approaches.!?*!3® These techniques provide carbohydrate epitope
information, but have a risk of cross reaction with glycoproteins carrying similar sugar chains
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causing false-positive identification and localization.?”!?313% Fyrthermore, a drawback of IHC is
that it provides no information on ceramide backbone composition. Since the biological function
of gangliosides is dictated by both the carbohydrate chain and the ceramide moieties, analysis of
gangliosides in their intact form is crucial for understanding their roles in different physiological
processes.?”128130 MS has been a critical tool for the detection and characterization of intact
gangliosides due to its high specificity and sensitivity..”"!*! However, some MS approaches cause
extensive precursor ion fragmentation in gangliosides, where the sialic acid bonds are particularly
labile. Soft ionization techniques, including ESI and MALDI have therefore been preferred for
ganglioside analysis. 8132133

MALDI IMS has previously been employed to map the localization of gangliosides within
biological tissues, however, a significant difficulty of ganglioside analysis is the in-source
fragmentation of polysialylated gangliosides, such as GDs, GTs, and GQs.!** 3 The most-
commonly observed in-source fragmentation is the loss of sialic acid(s), which results in
artificially high intensities of monosialylated GM species. This poses a challenge for both
quantitation and accurate representation of analyte spatial distributions in a MALDI IMS
experiment. Because of this, sample preparation strategies must be carefully considered. The
MALDI IMS workflow for ganglioside analysis can include several steps, such as washing or
spraying the tissue with salts, as well as choosing an appropriate matrix and deposition strategy.
Common matrices for ganglioside analysis include 5-chloro-2-mercaptobenzothiazole (CMBT),
DAN, DHB, and DHA. Of the mentioned, DAN and CMBT more readily induce in-source
fragmentation but have high vacuum stability. DHB is also vacuum stable, however, it requires a
washing step to limit the interference of other lipids and salts. Lastly, DHA can reduce in-source
fragmentation, but has lower vacuum stability, and also may require a washing step prior to matrix
application. Previous literature has shown that introducing ammonium formate (AmF) or
ammonium sulfate (AmS) increases the intensity and coverage gangliosides.!*”!*8 Nonetheless, a
systematic approach to investigate sample preparation is needed to further improve MALDI IMS
analysis of gangliosides. In-tact analysis of gangliosides is essential for obtaining biologically
relevant information. Furthermore, resolving ganglioside isomers remains a significant challenge
without the use of additional techniques, such as TIMS.

Ion mobility separations can be integrated with MS to address ganglioside structural
complexity and isomerism. For example, Ekroos and coworkers recently demonstrated the
separation of isomeric GD1a(d36:1) and GD1b(d36:1) using a prototype SLIM-MS instrument.”®
The gangliosides were resolved both in a 1:1 mixture, as well as in a wild-type hemi-brain mouse
brain extract. Jackson et. al. have demonstrated the combination of ion mobility and MALDI for
the analysis of GD1a and GD1b, where they showed higher drift times for the GD1a isomer.'*
Woods and coworkers have reported the distributions of GD1(d36:1) after a water loss (m/z 1817),
to provide some insight into the possible spatial localizations of GD1b.%¢ This was possible, as
GD1b more readily undergoes a water loss than GD1a. However, the spatial distributions of a- and
b-series ganglioside isomers have not been directly demonstrated in a MALDI imaging context
thus far.

Here, we demonstrate MALDI TIMS IMS of in-tact gangliosides in situ. First, sample
preparation considerations were optimized to enhance signal intensity, limit in-source
fragmentation, and reduce analyte delocalization for high spatial resolution analysis. Salt
deposition strategies, namely washing and spraying the tissue section prior to analysis with
ammonium sulfate and ammonium formate were tested. Following this, common matrices
including DAN, DHB, DHA, and 4-acinaminic acid (ACA) were compared for ganglioside
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analysis. The TIMS dimension was then incorporated to distinguish isomeric gangliosides - GD1a
and GD1b in a 1:1 mixture, a total ganglioside extract, and directly within tissue sections. Lastly,
the unique spatial distributions of GD1a/b(d36:1) and GD1a/b(d38:1) were mapped in both rat
brain and spinal cord samples at 20 um spatial resolution.

RESULTS AND DISCUSSION
Sample Preparation Considerations for Ganglioside Analysis

High spatial resolution imaging of gangliosides with minimal delocalization and in-source
fragmentation remains a challenge for MALDI IMS. Here, common sample preparation strategies
including salt deposition, matrix choice and deposition method were compared and optimized for
in situ ganglioside analysis. For these experiments, rat brain homogenates and sagittal rat brain
tissue sections were used to evaluate sample preparation conditions. Ultimately, the decoupled
deposition of ammonium sulfate, followed by ACA matrix was determined to be the optimal
sample preparation procedure for MALDI IMS of gangliosides.

Effects of Laser Power on in-source Fragmentation

One of the most significant difficulties of ganglioside analysis is the in-source
fragmentation of polysialylated species, such as GDs, GTs, and GQs. The most-commonly
observed in-source fragmentation is the loss of sialic acid(s), which results in artificially high
intensities of monosialylated GM species.””** This poses a challenge for both quantitation and
accurate representation of analyte spatial distributions in a MALDI IMS experiment. A major
impact on in-source fragmentation in a MALDI experiment is the laser energy imparted on the
analytes as well as the choice of matrix. To illustrate the severity of the in-source fragmentation a
total porcine brain ganglioside extract was spotted and analyzed by MALDI IMS. Here, the laser
power per pixel was continuously increased in increments of 10% from 20% to 80% to illustrate
the tendency toward sialic acid loss. The relative intensity of GM1-GD1-GT1-GQ1 was monitored
for the two most abundant gangliosides in each class - d36:1 and d38:1 (Figure 3.1). Figure 3.1
shows that with the increase of laser power, the relative intensity of polysialylated gangliosides
decreased, where the intensity of the GM1s increased. This experiment shows the importance of
relative laser power and matrix choice on in situ ganglioside analysis. Namely this analysis shows
that matrices, allowing for lower laser power are preferred for intact ganglioside analysis.

Salt deposition - Tissue Washing and Spraying

First, we tested the effects of tissue washing on rat brain sections with AmF and AmS of
varying concentrations (25 to 150 mM) and durations (5 — 160 sec). The effectiveness of the
washes for ganglioside analysis were assessed by monitoring the relative intensities of d36:1 and
d38:1 species and by assessing the degree of analyte delocalization by measuring analyte diffusion
beyond the tissue boundary. For salt deposition comparisons, DHA matrix was used, as described
in the Methods section. Previously, Yang et. al'*’ have shown that washing and subsequently
spraying tissues with AmF increases the intensity and number of detected gangliosides. Similarly,
we found that even a 5 second wash with either AmF or AmS, regardless of the concentration,
increased signal intensity and number of detected species in comparison to no tissue wash.
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Figure 3.1 The effects of MALDI laser power on in-source fragmentation of polysialylated ganglioside species
demonstrated for a total porcine ganglioside extract by tracking the relative intensities of GM1-GD1-GT1-GQ1 species
with both d36:1 and d38:1 ceramide composition. Laser energy was increased from 10 % (A) to 80 % (H) and the
relative intensities of each ganglioside class (in green) were compared to literature values.
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However, analyte delocalization was observed for all washes, regardless of composition and
duration, as gangliosides are soluble in both water and commonly used organic solvents
(Appendix 6.6). As spatial integrity is of utmost importance to high spatial resolution IMS, we
concluded that any wash prior to matrix deposition would not be suitable.

A. SEM of Simultaneous Am$ & DHA Spray | B.lon Image of GM1 (d36:1)

Alternatively, AmF
and AmS sprays prior to (or
with) matrix deposition were
tested. As a starting point, a
sample preparation method
pioneered by Woods and
coworkers®® was used. This

method includes a
simultaneous spray of AmS e

and 2,6-DHA matrix in 60% §—— Mag= 1.00KX
ethanol. Here, 2,5-DHA was B R T .

used instead of 2,6-DHA for
enhanced vacuum
stability'* (Methods, Table
3.1). We found that spraying
either AmS or AmF with
DHA increased ganglioside

signal, as compared to DHA [ 8 it e 4 o :\... o
alone. When comparing both i EHT = 400 kv signal A = vE-sE2 IR
— WD = 3.9 mm Mag= 10.06 KX miz 1544 87 0%

salt sprays, we found that

AmS outperformed AmF in Figure 3.2. Scanning electron microscopy image of rat brain tissue surface
terms of ganglioside signal following the simultaneous spray of AmS and DHA (A); ion image of

and observed in-source GM1(d36:1), m/z 1544.87 demonstrates hot spots in the ion image (B).

fragmentation, regardless of concentration. To assess performance for ganglioside analysis, the
mass spectral integrity, uniformity of matrix/salt deposition, and ion image integrity were assessed.
Some analyte delocalization was observed; however, it was much less pronounced in comparison
to tissue washing. The simultaneous salt and matrix deposition likely resulted in improper
crystallization, due to high salt concentration and therefore non-uniform coverage, as seen in the
scanning electron microscopy (SEM) image (Figure 3.2A). In terms of spatial integrity, this
method was limited in spatial resolution (30 um) and resulted in hot spots in the MALDI IMS data,
as demonstrated in Figure 3.2B. Thus, we concluded that simultaneous salt and matrix deposition
was not suitable for high spatial resolution MALDI IMS of gangliosides.

The matrix and AmS have very different properties and require different solvent
compositions for adequate deposition on the tissue surface. For this purpose, we aimed to decouple
the AmS and matrix spray and optimize deposition parameters for each spray individually.
Decoupling the AmS and matrix deposition allowed for AmS to be deposited in ethanol-water and
DHA to be deposited in a pure organic solvent which favors the formation of smaller crystal size
making it amenable to high spatial resolution MALDI IMS. As noted by Dufresne et. al.'*°, using
a matrix solvent in which salts are not soluble creates an environment akin to sublimation.
Ultimately, the most suitable method of AmS deposition was 62.5mM AmS in 60% ethanol-water,
for a theoretical on-tissue AmS density of 1.48 pg/mm? (Methods, Table 3.1). Spray
considerations for AmS deposition of note include an increase of the nozzle pressure to 15 psi to
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facilitate nebulization and the formation of smaller crystals. Additionally, the spray method was
slower, 25 passes at a spray rate of 0.01 mL/min, allowing for lower solvent/nitrogen gas mixing,
leading to drier spray conditions. This allowed for the formation of smaller crystal sizes and
reduced delocalization typically observed with wetter deposition. Once the salt was deposited, the
matrix application could be further optimized individually, as described in the following section.

Matrix Selection

Following an optimized ammonium sulfate deposition protocol, different MALDI
matrices, including DAN, DHB, DHA, and ACA, were evaluated for ganglioside analysis on rat
brain homogenates. In all cases, the matrices were deposited with an organic solvent to minimize
matrix/salt interaction and crystal sizes. Furthermore, since the AmS is not dissolvable in organic
solvent, no significant interactions of matrix and salt delocalization was expected following the
matrix application. Average mass spectra of small regions of interest (ROIs) of rat brain
homogenates were acquired and compared in terms of relative ganglioside signal intensities across
ganglioside class, degree of in-source fragmentation, and spatial integrity. All of the highlighted
matrices allowed for high spatial resolution (10 um) ganglioside analysis but varied in terms of
mass spectral and spatial integrity. DAN and DHB induced significant in-source fragmentation;
DHB is a known “hot” matrix, which required relatively higher laser power (~70%, respectively)
further contributing to in-source fragmentation. Both DHA and ACA required significantly lower
energy power (~30 and 35%, respectively), where DHA induced a higher degree of sialic acid loss,
as evidenced by the relative GM-GD-GT-GQ ratio: DHA: 46-40-13-1, as compared to ACA: 39-
44-16-1 (Figure 3.3A). Finally, ion images of the gangliosides across the four classes for d36:1
were generated for a rat hippocampus region and compared in terms of spatial integrity (Figure
3.3C). Visually comparing the ion images, it can be seen that the DHA method had more hot spots
in comparison to ACA, indicating that ACA facilitates higher quality MALDI imaging data. The
lower levels of in-source fragmentation, higher spatial quality, and significantly higher vacuum
stability achieved with ACA indicate that ACA is the preferred matrix for MALDI IMS of
gangliosides.
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Figure 3.3. Comparisson of decoupled ammonium sulfate and DHA (left column) and ACA (right colum) in terms of
mass spectral signal and relative intensity of ganglioside species by class (A), SEM images of the matrix coverage of
the tissue (B); and ion images of d36:1 across four of the detected ganglioside classes — GM1, GD1, GT1, and GQ1
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MALDI TIMS IMS of Ganglioside Isomers GD1a/GD1b
GD1a/GD1b Isomer Analysis from Standard Extracts

Gangliosides GDla

and GDl1b are A.GD1ab (d36:1) | m/z1835.96  B. GD1a/b (d38:1) | m/z 1863.99
disialogangliosides that

differ in the location of a GD1b (d36:1) GD1b (d38:1)
single sialic acid residue on o “‘J\E%

the oligosaccharide chain.
GD1a has a sialic acid on the
internal, as well as on the
terminal  galactose  unit,
whereas the GDI1b isomer
has both sialic acids in a
chain attached to the internal
galactose. Differentiating the
two isomers is important in
the context of brain tissue, as
they are two of the most
abundant ganglioside species 15 212 2.4 216 @ 212 214 _ 216  2.18
in the mammalian brain. 1/Ko [V's/cm?] 1/Ko [V's/cm?]
Furthermore, both have been Figure 3.4. MALDI TIMS extracted ion mobilograms of deprotonated
known to be differentially GD1(d36:1): GD1a- (blue) and GD1b- (red), were separated in a 1:1 mixture
of both standards (black) (A); and deprotonated GD1(d38:1): GD1a- (blue) and

impaCFed by diseases, S.uCh 48 GDI1b- (red), were separated in a 1:1 mixture of both (black) standards (B)
Alzheimer’s disease.

Ganglioside extracts were analyzed with high TIMS resolving power (scan rate < 0.01 V/ms, with
a 1100 ms tramp time). Isomeric GD1a and GD1b were first analyzed individually to determine their
respective mobilities under MALDI TIMS conditions. The two major GD1 species observed in
both GD1a and GD1b standards have ceramide backbones of d36:1 and d38:1. Both species were
detected as [M-H], [M-CO.-H], [M-H>O-H], and [M+Na-2H]" adduct. Deprotonated
GDl1a/b(d36:1) and GD1a/b(d38:1), detected at m/z 1835.96 and m/z 1863.99 respectively, were
analyzed to investigate the ability to separate GD1 isomers. Under these conditions, the individual
1/Ky-values of deprotonated GD1b(d36:1) and GD1a(d36:1) were determined to be 2.12 and 2.13
V.s/cm?, respectively (Figure 3.4A). From the extracted ion mobilogram of the mixture, a partial
separation of the two isomers was observed. Using the same TIMS conditions, GD1b(d38:1) and
GD1a(d38:1) isomers were partially resolved in a 1:1 mixture with 1/K¢ values to be 2.14 and 2.15
V.s/cm?, respectively (Figure 3.4B). Additionally, we analyzed a total ganglioside extract
demonstrating the partial separation of GD1a/b for both (d36:1) and (d38:1) species (Appendix
6.8). Our findings indicate that GD1b and GD1a isomers can be partially resolved in a 1:1 mixture
of standards and in a total ganglioside extract, where the b-series isomers have more compact
structures leading to lower 1/Ko values. These findings are consistent with previous MALDI-ion
mobility experiments by Jackson et. al. and SLIM MS experiments by Ekroos and coworkers”>.

GD1a (d36:1) GD1a (438:1)

Cer’—()%_( Cer.

D4

1:1 Mixture 1:1 Mixture
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MALDI TIMS IMS Separation and Localization of GD1a/GD1b in Murine Tissue

Rat Brain

GD1a and GD1b species are the most
abundant ganglioside species in the
mammalian brain. Both a- and b-series
disialogangliosides have distinct
localizations within the brain, previously
characterized using [HC. MALDI TIMS IMS
data was collected from a sagittal rat brain
section (left hemisphere, lateral value ~ 0.8 -
0.9 mm) at 20 um spatial resolution. A cresyl
violet stain was used to highlight the regions
of interest in the hippocampus that were
analyzed by MALDI IMS (Figure 3.5A). Ion
images of m/z 1835.96 (purple) and m/z
1863.99 (green) show the different
distributions of GD1(d36:1) and
GD1(d38:1), respectively, in the
hippocampus (Figure 3.5B). Comparing the
ion images with the annotated stain, we
observed that GDI1(d36:1) was more
pronounced in the granular layer of the
dentate gyrus, the pyramidal layer of the CA3
and CA2 regions, and along the fiber tracks.
GD1(d38:1), on the other hand, was more
pronounced in the molecular layer of the
dentate gyrus, in the midbrain, and along the
edges of the subiculum. The overlaid ion
images represent a composite image of a- and
b-series isomers for both 36:1 and 38:1.
Further investigation wusing the TIMS
mobility dimension reveled two partially
resolved peaks for m/z  1835.96,
corresponding to deprotonated GD1a(d36:1)
and GDI1b(d36:1). Individual standards,
GD1aand GD1b, and on-tissue MS/MS were

m/z 183596 5%
m/z 1863.99  25%

Figure 3.5. A cresyl violet stain of a sagittal rat brain
section highlights features of interest in the hippocampus:
Ammon’s hors regions — CA1, CA2, and CA3 (in red), the
dentate gyrus, the molecular layer (mo), polymorph layer
(po), pyramidal layer (sp), granule cell layer (sg), stratum
radiatum (sr), stratum oriens (so), and the subiculum (sub)
(A). Overlaid ion images of m/z 1835.96 (purple), and m/z
1863.99 (green), show the different distribution of
GD1(d36:1), and GD1(d38:1), respectively, where both
distributions are composite of both a- and b- series
gangliosides (B).

also acquired to aid in identification (Appendix 6.9). Ion images of each of the ion mobility peaks
(Figure 3.6A) show the unique spatial distributions of both a-(blue) and b-(red) series isomers.
GDla and GD1b were expressed in all layers of the hippocampus but differed in their relative
intensities in specific subregions. In the ion images, we observed that the a-isomer was more
pronounced in the granular layer of the dentate gyrus, while the b-isomer was more abundant in
the subiculum, as well as the midbrain, and thalamus, where the signal from the a-series was
noticeably absent. Similarly, the extracted ion mobilogram of m/z 1863.99, highlighted two
partially resolved ions, corresponding to a- and b-series GD1(d38:1) (Figure 3.6B). Although, the
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m/z 1835.96 Overlay
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Figure 3.6. Extracted ion mobilograms of m/z 1835.96 (A) and m/z 1863.99 (B) demonstrate the partial separation
of GD1b- (red) and GD1a (d36:1) (blue) in rat hippocampus tissue section. Ion images of GD1b (red), GD1a (blue)
isomers, and an overlay of both ions can be seen for both GD1(d36:1) (A) and GD1(d38:1) (B).

two ions were not as well resolved in the gas phase, their localizations within the rat brain tissues
were very different. The a-isomer was observed in the granular layer of the dentate gyrus and was
more pronounced in the striatum radiata and striatum oriens of the CA3 region. GD1b was also
more pronounced in the granular layer of the CA1 and CA2 regions, where GD1a was below the
limit of detection. GD1a was, however, present in the striatum radiata and the striatum oriens of
CA1 and CA2. Similar to GD1a/b(d36:1), the most significant distinction between the two isomers
was the detection of the a-series in the thalamus, but not the midbrain or the subiculum. These
findings are consistent with previous IHC experiments of mouse and rat brains showing GD1a and
GDI1b localizations'?*!3 and with previous IMS data highlighting the differences between
GD1(d36:1) and GDI1(d38:1). Woods and coworkers had previously reported mapping
GD1b(d36:1) by imaging the water-loss at m/z 1817.95, which is more preferential for the b-series
gangliosides. Here we highlight the subtle differences of GD1 subspecies that differ in both
ceramide composition and sialic acid localizations. This work shows that with the combination of
MALDI IMS and ion mobility separations the spatial distributions of GD1a(d36:1), GD1b (d36:1),
GD1a(d38:1), GD1b(d38:1) and any combination thereof can be visualized directly within the rat
brain tissue sections (Figure 3.7A-D). In addition to the two overlaid ion images in Figure 3.6,
there are four additional ion overlay combinations possible, highlighted in Figure 3.7. As
ganglioside function is influenced by the ceramide moieties and the carbohydrate chains, this level
of structural specificity in an imaging context is important to further understand the role of
gangliosides in biology and disease.
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GD1a (d36:1) | m/z 183596 0% 174% GD1a (d38:1) | m/z 1863.99 0%
GD1b (d36:1) | m/z 183596 0% 145% GD1b (d38:1) | m/z 1863.99 0%

Figure 3.7. Overlay ion images of a and b-series isomers for GD1(d36:1) and GD1(d38:1): GD1a(d36:1) and
GD1a(d38:1) (A), GDla(d36:1) and GD1b (d38:1) (B), GD1b(d36:1) and GD1a(d38:1) (C), and GD1b(d36:1)
and GD1b(d38:1) (D).

Spinal Cord

To further highlight the unique distributions of GD1a and GD1b isomers in murine nervous
tissue, rat spinal cord tissue was also analyzed. A transverse section of the sympathetic
intermediolateral horn (roughly T6 — T11 region) was selected, as the a- and b-series GD1
localizations have been previously highlighted in literature by IHC.!3° A cresyl violet microscopy
image was annotated to show the regions of interest (Appendix 6.9). Considering the relatively
small size of the tissue section, MALDI TIMS parameters were optimized to maximize the
separations and demonstrate the highest resolution separation of GD1a/b isomers in situ.

The extracted ion mobilograms of the GD1(d36:1) and GD1(d38:1) revealed two isomeric
species (Figure 3.8A & 3.8B, respectively). From the ion images of m/z 1835.96 (Figure 3.8A)
we can see that the isomer corresponding to the b-series was found throughout the gray matter
with higher intensity in the rexed laminae 1 and 2 of the dorsal horn. The a-series isomer, on the
other hand, was only present in the rexed laminae. The ion images of m/z 1863.99 (Figure 3.8B)
revealed that GD1b was detected throughout the gray matter. The a-series isomer was more
pronounced in the rexed laminae, but could also be detected in the gray matter, specifically around
the central anal (Figure 3.8B). An overlay of GD1b(d36:1) and GD1b(d38:1) (Figure 3.8C)
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revealed that the signal in the rexed laminae was mostly due to the d36:1, where the d38:1 was
more pronounced in the gray matter. The overlay of GD1a(d36:1) and GD1a(d38:1) (Figure 3.8D)
shows that GD1a(d36:1) was more intense in the lamiae than the d38:1, which was detected
throughout the gray matter.

These findings are consistent with previous IHC studies that show GD1a and GD1b, and
with MALDI IMS studies that show the spatial distribution of GD1(d36:1) vs GDI1(d38:1)
localization within murine spinal cord tissue. Neither IHC nor MALDI IMS can resolve the
nuanced differences in ceramide composition and carbohydrate chain simultaneously -
GD1a(d36:1) versus GDla(d38:1). Similarly, mapping the localization of GD1la(d36:1) and
GD1b(d38:1), as well as GD1b(d36:1) and GD1la(d38:1), could not be achieved with either
technique alone. These examples highlight the utility of MALDI TIMS IMS for the gas-phase
separation of GD1a- and b-series isomers in situ.

C o o

0% 192% o 173 Overlay GD1a (d36:1) | 0%
m/z 1835.96 | GD1b (d36:1) m/z 1835.96 | GD1a (d36:1) 400 Um | GD1a(d38:1) | 0%

0% 196%

0% 205% % GD1b (d36:1) | 0%
m/z 1863.99|GD1b (d38:1)  m/z 186399 | GD1a (d38:1) Overlay GD1b (¢38:4) | 0%

Figure 3.8. Extracted ion mobilograms of m/z 1835.96 (A) and m/z 1863.99 (B) demonstrate the partial separation
of GD1Db- (red) and GD1a (d36:1) (blue) in rat spinal cord section. Ion images of GD1b (red), GD1a (blue) isomers,
and an overlay of both ions can be seen for both GD1(d36:1) (A) and GD1(d38:1) (B). Overlay ion images of GD1a
(d36:1) and (d38:1), as well as GD1b (d36:1) and (d38:1) are highlighted in (C) and (D), respectively

CONCLUSIONS

This work highlights the importance of optimized sample preparation techniques for
MALDI IMS of gangliosides. Here, sample preparation strategies, including salt and matrix
deposition strategies, were compared to maximize ganglioside coverage and signal without
inducing significant in-source fragmentation or analyte delocalization. Ultimately, a decoupled
ammonium sulfate and ACA spray was determined to be most suitable for high spatial resolution
MALDI IMS of intact gangliosides. Following sample preparation optimization, the TIMS
dimension was incorporated to resolve isomeric polysialylated gangliosides — GD1a and GD1b.
The spatial distributions of isomeric GD1a/b (36:1) and GD1a/b (38:1) were elucidated for rat
brain and spinal cord samples. This level of structural specificity in a spatially resolved context
cannot be achieved through standard IHC experiments, nor typical MALDI IMS workflows. The
ability to both structurally characterize and spatially map gangliosides with high specificity in situ
using integrated TIMS separation will enable new biomedical studies that may reveal the role of
this important class of molecules in health and disease.
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METHODS
Materials

DHA, DAN, DHB, ACA, ammonium formate, and ammonium sulfate were purchased
from Sigma-Aldrich (St. Louis, MO, USA). HPLC-grade acetonitrile, methanol, ethanol,
tetrahydrofuran, and chloroform were purchased from Fisher Scientific (Pittsburgh, PA, USA).
Ganglioside extracts were purchased from Avanti Polar Lipids (Alabaster, AL, USA), normal rat
brain was purchased from BiolVT (Westbury, NY, USA), and rat spinal cord was purchased from
Pel-Freeze Biologicals (Rogers, AZ, USA).

Sample Preparation

Rat brain and spinal cord were cryosectioned to 10 pm thickness using a CM3050 S
cryostat, and thaw-mounted onto conductive ITO-coated glass slides (Delta Technologies,
Loveland, CO, USA). Matrix was applied using a robotic sprayer — M5 Sprayer equipped with a
sample heating tray (HTX Technologies, LLC, Chapel Hill, NC, USA). Specific matrix and salt
deposition parameters for sample preparation experiments are listed in Table 3.1. For ganglioside
standard analysis, GD1a and GD1b ganglioside extracts (powder) were dissolved in chloroform,
aliquoted in vials, dried down with nitrogen, and re-dissolved in 80% methanol for a final extract
concentration of 2 mg/mL. The total porcine ganglioside extract had a final concentration of 10
mg/mL. The mixtures were spotted on an ITO-coated glass slides and sprayed with matrix.

Table 3.1. Matrix Deposition Parameters
Spray Speed

Concentration Nozzle Velocity Passes . Matrix density
(mg/mL), Solvent temperature (m/min) #) (mL/min), (ng/mm?)
> Pressure (psi)
DHA 5.0, 60% Ethanol 60°C 1350 5 0.05, 10 psi 1.48
DHB 40, 100% THF 40°C 1350 4 0.1, 8 psi 3.95
9AA 15, 100% THF 40°C 4050 4 0.15, 7.65
DAN 15, 100% THF 30°C 4050 4 0.15, 7.65
ACA 15, 95% THF, 5% DMF 50°C 4050 4 0.15, 8 psi 7.65
AmF 62.5 mM, 60% Ethanol 65°C 1350 25 0.01, 15 psi 1.48
AmS 62.5 mM, 60% Ethanol 65°C 1350 25 0.01, 15 psi 1.48

Nozzle height (40 mm), spacing (1.5 mm), gas flow rate (2 L/min), drying time (2 sec), and stage
temperature (55°C) were kept constants for all experiments. DHB was sprayed at 8 psi.

MALDI TIMS IMS

All experiments were carried out on a prototype MALDI timsTOF Pro mass spectrometer.
The 1/Ky range, EFG scan time and rate, m/z range, and other specific imaging parameters are
listed in Table 3.2. For standard analysis, data were acquired at 20 um spatial resolution with ~60
% laser power at 10 kHz, 200 shots per pixel, and ~300 pixels per sample. MALDI TIMS IMS
specific data are listed in Tables 3.3

35



Table 3.2. TIMS Parameters for Ganglioside Standards, Rat Brain, and Rat Spinal Cord Tissue Sections

Dataset | tramp (MS) 1/Ky (Ves/cm?) Veamp (V) Sr (Vems™)
Standard Analysis 1100 2.11-2.17 0.06 <0.01
Rat Brain 550 2.05-2.17 0.12 0.03
Rat Spinal Cord 1100 2.11-2.17 0.06 <0.01

The following parameters were kept constant across all imaging experiments: ESI dry gas temperature — 100°C; Ion transfer
time - 120 ps; pre-pulse storage time - 12 ps; collision RF - 3500 Vpp; TIMS funnel 1 RF - 450 Vpp; TIMS funnel 2 RF -
400 Vpp; multipole RF - 400 Vpp, collision cell entrance voltage - -200 V; MALDI deflection plate -90 V. The source
pressure was set ~ 2.35 mBar, to access higher 1/K, ranges.

Table 3.3. MALDI IMS Parameters of the Acquired Data Sets

Dataset e Beam Scan  Spatial resolution Laser Sl?ots per
(nm) (Pitch) Power (%) pixel (#)
Standards 1000-3000 45 50 80 250
Rat Brain 1000-3000 14 20 80 350
Rat Spinal Cord | 1000-3000 15 20 35 250

Histology, Microscopy & Tissue Annotation

Following MALDI IMS experiments, matrix was removed from samples, and tissues were
stained using a modified cresyl violet stain in the following sequence: 70% Ethanol (30 sec), 0.05%
Cresyl violet (1.5 min), Water (30 sec), Hematoxylin (15 sec), 70% Ethanol (30 sec), 95% Ethanol
(30 sec), Xylene (30 sec).!*! Brightfield microscopy of stained tissues was obtained using a Zeiss
AxioScan Z1 slide scanner (Carl Zeiss Microscopy GmbH, Oberkochen, Germany). Annotations
of anatomical regions were made with the help of The Allen Mouse Brain Atlas'**'*, The Rat
Brain in Stereotaxic Coordinates'**, and The Atlas of Rat Spinal Cord'®. Immunofluorescence
was also performed to verify the localization of GD1a in rat brain and spinal cord tissue sections
(data not shown).

Identifications & Data Processing

Serial tissue sections were analyzed for further structural investigation. To eliminate the
possibility of isobaric interferences, a tissue section was analyzed using ultrahigh- mass-spectral
resolution FT-ICR MS (resolving power ~200,000 at m/z 1544). MALDI TIMS MS/MS was used
to show diagnostic and preferential a- and b-series fragments from standards, and to confirm
ganglioside identification from serial tissue section. MALDI TIMS IMS data were analyzed using
DataAnalysis and visualized using SCIiLS and a custom in-house developed software.
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CHAPTER 1V

RESOLVING GANGLIOSIDE HETEROGENEITY WITHIN
MURINE STAPHYLOCOCCUS AUREUS ABSCESSES

OVERVIEW

Gangliosides are known to have important roles in innate and adaptive immunity.’® Their
high degree of structural heterogeneity results in significant variability in ganglioside expression
patterns and greatly complicates linking structure and function. Structural characterization at the
site of infection is essential in elucidating host ganglioside function in response to invading
pathogens such as Staphylococcus aureus (S. aureus). Here, ganglioside structural and spatial
heterogeneity within a S. aureus-infected mouse kidney abscess was characterized using MALDI
TIMS IMS. Differences in spatial distributions were observed for gangliosides of different classes
as well as for gangliosides that differ in ceramide chain composition and oligosaccharide-bound
sialic acid. Furthermore, integration of TIMS allowed for the gas-phase separation of
monosialylated ganglioside isomers with different spatial distributions within the host-pathogen
interface. A decrease in GM1b-GM1a isomer ratio from 4 to 10 days-post-infection was observed
and ganglioside analysis within the abscess revealed new molecular layers, unidentified by
traditional histology. This work shows that MALDI TIMS IMS can be used to survey the
molecular diversity within the infected abscess and at the host-pathogen interface.

INTRODUCTION

S. aureus is a widespread commensal gram-positive bacterium and pathogen. 614 It is the
leading cause of skin and soft tissue infections that can result in more serious infections, including
bacteremia, pneumonia, and osteomyelitis.!*® Staphylococcal invasion typically involves soft-
tissue abscess formation, where the bacteria organize into staphylococcal abscess communities,
surrounded by severe inflammation of neighboring tissues.””*®!*’ The mature abscess, as described
in Chapter I, is a highly heterogeneous environment with a diverse subset of host- and pathogen-
derived molecules. Spatial investigation of the soft-tissue abscess is possible through traditional
histological approaches to characterize the abscess and its anatomical subregions. Other
techniques, including IHC, can be employed to expose the spatial distributions of specific targets
within the tissues. However, molecular information cannot be gleaned from these techniques, and
more advanced analytical approaches, such as MALDI IMS, are necessary to provide molecular
and spatial context. Correlating histology and IMS can allow for thorough investigation of the
molecular drivers behind the S. aureus infections. For example, gangliosides are known to be
involved in host-pathogen interactions, however their structural differences, abundance, and
spatial distributions within infection lesions remain to be explored. 7678150151

Gangliosides are known immune system modulators that can alter both innate and adaptive
immune functions.””!>® They reside primarily in the cellular plasma membrane, where the
ceramide anchors the molecule to the membrane and the glycan protrudes outward from the cell.
At the cell surface, gangliosides interact with other molecules, such as glycosphingolipids, via
hydrogen bonds and van der Waal’s forces to form lipid rafts.”® Here, gangliosides can regulate
the activity of proteins via protein-carbohydrate and carbohydrate-carbohydrate interactions.'*
152 Gangliosides can also be used as unintentional targets for microbial adhesion, where viruses,
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bacteria, and bacterial toxins bind to the carbohydrate of gangliosides on host cell surfaces.”®!>°

For example, epithelial cells expressing GM1 were found to bind Cholera toxin B and Escherichia
coli enterotoxin, and recognize Brucella suis bacteria.””!*° Elucidating the distinct functions of
gangliosides in response to invading pathogens is particularly challenging due to their vast
structural diversity.!>® Thus, comprehensive structural information at the site of infection is a
critical first step in exploring ganglioside function in the immune system.

Structurally, the ganglioside molecule can be divided into two functional units — a
hydrophilic oligosaccharide headgroup carrying sialic acid(s) and a hydrophobic ceramide moiety.
(Figure 4.1A).81'% The ceramide moiety of the gangliosides is composed of a sphingosine and a
fatty acyl chain (Figure 4.1B). The fatty acyls in gangliosides are generally long, ranging from 16
to 30 carbons, with varying degrees of unsaturation. The sphingoid base, also referred to as the
long-chain base, can vary in carbon-chain length, number of double bonds, and number of
hydroxyl groups. The most common sphingoid bases are d18:1 and d20:1, where 18 and 20 refer
to the number of carbons in the chain, 1 to the presence of a single double bond, and d (‘di’ - two)

A. Ganglioside Structure & Diversity | Example: Ganglioside GM3
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Figure 4.1. Ganglioside Molecular structure — GM3 example (A) highlights common diversities in the
Ceramide backbone (B) and common sialic acids and their alterations (C).
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to number of hydroxyl groups on the sphingoid base. Other sphingoid bases present in eukaryotes
include d18:0, d20:0, d16:0, and t18:1 (‘tri’). Both hydrocarbon length and number of double
bonds of the ceramide can dictate biological relevance. Diversity in both the ceramide and the
glycan can greatly influence membrane fluidity, as well as the cell-cell interactions that take place
in the extracellular space. Membrane fluidity can determine the three-dimensional environment of
lipid rafts, ultimately influencing protein-protein interactions.’’

The hydrophilic oligosaccharide headgroup is comprised of multiple saccharide units,
including glucose (Glc), galactose (Gal), galactosamine (GalNac), and sialic acids (Chapter I,
Figure 1.5).%! Gangliosides are synthesized by the stepwise addition of monosaccharides to the
glucose-ceramide (GlcCer) unit. After the addition of Gal, the LacCer serves as a building block
for all remaining gangliosides and is a branching point in the synthesis. From there, the
oligosaccharide chain can be elongated by the addition of monosaccharides, creating o-series
gangliosides (GA2, GA1, GM1b). On the other hand, the sequential addition of sialic acids to
LacCer by sialyltransferases form gangliosides GM3, GD3, GT3, etc. Each of these serve as a
precursor for more complex gangliosides, belonging to the a-, b-, and c-series, respectively. The
letter refers to the number of sialic acids bound to the internal galactose unit, resulting in o-(zero),
a-(one), b-(two), c-(three) series gangliosides. The differences in the oligosaccharide chain and the
number/position of sialic acids greatly increase the number of possible structures and their
biological roles.

Lastly, negatively charged sialic acids are essential components of the ganglioside
molecule. They alone can influence ganglioside function, particularly in pathogen recognition and
cell infiltration.!>*!* While all sialic acids share the same 9-carbon carboxylated sugar, there are
numerous structural differences and modifications that can be present. The most common
ganglioside-bound sialic acids are N-acetylneuraminic acid (Neu5Ac) and N-glycolyneuraminic
acid (Neu5Gc) (Figure 4.1C).!* Although Neu5Gc is abundant in many mammals, a human-
specific genetic mutation eliminated our capacity to produce it. Despite this, NeuSGc has been
detected in human carcinomas and fetal tissues.® Common modifications of gangliosides include
O-acetylation, N-acetylation, and N-glycolylation, and are highlighted in Figure 4.1C. Thus, the
diversity of sialic acid structures at various sialylation sites increases the possible structures. For
example, considering known diversity of the ceramide and the glycan headgroup, it is hypothesized
that over 3000 unique gangliosides can exist. 2!

Due to the significant differences in physiochemical properties of the glycan and lipid
moieties, analysis of these molecules is challenging, as methods are optimized for each portion
and seldom work well for intact analysis. Although not without its limitations, MALDI IMS has
been at the forefront of ganglioside analysis. Advances in sample preparation strategies described
herein (Chapter III) improve in-tact ganglioside analysis by increasing analyte sensitivity and
reducing in-source fragmentation of the polysialylated species. Furthermore, the integration of an
orthogonal separation technique, such as TIMS, can effectively address ganglioside heterogeneity
and 1somerism prevalent in this molecular class.

Here, MALDI TIMS IMS of S. aureus-infected mouse kidney was used for in-depth
structural characterization of gangliosides within the inflammatory lesion. The structural
heterogeneity of gangliosides including species with different ceramide composition,
oligosaccharide chain, as well as sialic-acid position were detected. Furthermore, ganglioside
isomers were resolved by TIMS-separations and their distinct localization to different abscess
subregions were determined. The increased specificity allowed for spatial investigation of
ganglioside isomers over the course of infection.
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RESULTS AND DISCUSSION

Ganglioside Ceramide, Glycan, and Sialic Acid Diversity within a Murine Kidney S.
aureus- soft tissue abscesses

To investigate ganglioside heterogeneity at the host-pathogen interface, a 10 day-post-
infection (dpi) mouse kidney tissue section was analyzed using MALDI TIMS IMS. An H&E
microscopy image of the infected tissue (Figure 4.2) was annotated to highlight observable, known
abscess subregions. Histopathological assessment of the tissue revealed features of the intra-
abscess morphology. The bacterial SACs were identified at the center of the abscess (red arrows).
The primary immune cells observed in the abscess were neutrophils, with degranulated neutrophils
(puss) found in closer proximity to the bacterial colonies, and a mixture of degenerate and viable
immune cells found further from the abscess center (yellow arrow). The intensely eosinophilic
material (blue boundary) was tentatively identified as the Splendore-Hoeppli phenomenon.'3>-1%7
Lastly, the microscopy revealed a dark-stained fibrous capsule layer at the outer abscess region
(green arrow) separating the abscess from the healthy host tissue. MALDI TIMS IMS of the tissue
section revealed numerous ganglioside species whose heterogeneity was categorized based on
ceramide and oligosaccharide chain composition, as well as sialic acid composition and position.
Lastly, TIMS separation of o- and a-series ganglioside isomer species was demonstrated. Trends
in the spatial distributions of the detected ganglioside were explored. Table 4.1 lists all detected
ganglioside species identified by high mass accuracy FT-ICR data and on-tissue MALDI TIMS
MS/MS.

H&EStain

Abscesses, SACs, Fibrosis,

__-- Intensely eosinophilic area:
possible Spendor-Hoeppli

Figure 4.2. Hematoxylin & Eosin Stain of 10 dpi S. aureus infected mouse kidney section
reveals several abscess lesions (blue boundaries) within the kidney section. A zoom in of
the lesion reveals a dark stained fibrous capsule (green), bacterial staphylococcal abscess
communities (red arrows), a zone of healthy/dead immune cells, as well as an intensely
eosinophilic region, tentatively identified as Splendore-Hoeppi (bright blue).
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Table 4.1. Ganglioside species identified by class. Sialic acid composition included in ganglioside name if known.
*Denotes potential isomer that are not identified.

Table 4.1.1 GM3 Gangliosides Identified in a 10 Days Post Infection Mouse Kidney Section
Ganglioside Full Name m/z
GM3 Neu5Ac GM3 (d34:1) | 1151.706
Cer‘—? Neu5Ge GM3 (d34:1) | 1167.701
Neu5Ge GM3 (t34:1) | 1183.696
Neu5Ge GM3 (d38:1) | 1223.763
Neu5Ac GM3 (d40:1) | 1235.800
Neu5Ge GM3 (d40:1) | 1251.795
Neu5Ac GM3 (d42:2) | 1261.815
Neu5Ac GM3 (d42:1) | 1263.831
Neu5Ge GM3 (d42:3) | 1275.795
Neu5Ge GM3 (d42:2) | 1277.810
Neu5Ge GM3 (d42:1) | 1279.826

Table 4.1.2 GM2 Gangliosides Identified in a 10 Days Post Infection Mouse Kidney Section
Ganglioside Full Name m/z
GM2 Neu5Ge GM2 (d34:1) | 1370.780
Cer’—?—D Neu5Ge GM2 (d36:1) | 1398.811
Neu5Ge GM2 (d40:1) | 1454.874
Neu5Ge GM2 (d42:2) | 1480.890
Neu5Ge GM2 (d42:1) | 1482.905

Table 4.1.3 GM1 Gangliosides Identified in a 10 Days Post Infection Mouse Kidney Section
Ganglioside Full Name m/z

GM1 NeuSAc GM1 (d34:1) | 1516.838
Cer‘—?—D—Q NeuSAc GM1 (d34:0) | 1518.854
Neu5Ge GM1 (d34:1) | 1532.833
NeuSAc GM1 (t34:1) 1532.833
NeuSAc GM1 (d36:1) | 1544.864
Neu5Ge GM1 (d36:1) | 1560.864
NeuSAc GMI (t36:1) 1560.864
NeuSAc GMI (t38:1) 1588.896
Neu5Ge GM1 (d38:1) | 1588.896
NeuSAc GMI (t38:0) 1590911
Neu5Ac GM1 (d40:1) | 1600.932
NeuSAc GM1 (d40:0) | 1602.948
Neu5Ge GM1 (d40:1) | 1616.927
NeuSAc GM1 (t40:1) 1616.927
NeuSAc GM1 (t40:0) 1618.943
NeuSAc GM1 (d42:3) | 1624.932
NeuSAc GMI1 (d42:2) | 1626.948
NeuSAc GMI1 (d42:1) | 1628.963
Neu5Ge GM1 (t42:3) 1640.927
Neu5Ge GM1 (d42:2) | 1642.943
NeuSAc GMI1 (t42:2) 1642.943
Neu5Ge GM1 (d42:1) | 1644.958
NeuSAc GM1 (t42:1) 1644.958
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Table 4.1.4 GaINAc-GM1b and extended series GM1b Gangliosides Identified in a 10 Days Post Infection Mouse
Kidney Section

Ganglioside Full Name m/z
GalNAc-GM1b Neu5Ac GalNAc-GM1b (d34:1) | 1719.917
Cef‘-@ﬂ?ﬂ Neu5Ac GalNAc-GM1b (d34:0) | 1721.933

GalNAc-GM1b (34:1) * 1735912
GalNAc-GM1b (34:0)* 1737.928
GalNAc-GM1b (36:1)* 1763.944

NeuS5Ac GalNAc-GM1b (d40:1) | 1804.011
NeuS5Ac GalNAc-GM1b (d40:0) | 1806.027
GalNAc-GM1b (40:1)* 1820.006
GalNAc-GM1b (40:0)* 1822.022
Neu5Ac GalNAc-GM1b (d42:2) | 1830.027
Neu5Ac GalNAc-GM1b (d32:1) | 1832.043

GalNAc-GM1b (42:3)* 1844.006
GalNAc-GM1b (42:2)* 1846.022
GalNAc-GM1b (42:1)* 1848.038

Neu5Gce GalNAc-GM1b (t42:2) | 1862.017
Neu5Ge GalNAc-GM1b (t42:1) | 1864.032
Extended GM1b Ext. GM1b NeuSAc (d42:1) 1994.0.95

Cer&ODQDO Ext. GM1b Neu5Ge (42:2)* 2010.090
Ext. GM1b NeuSAc (d42:2) 1992.080

Table 4.1.5 GD1 Gangliosides Identified in a 10 Days Post Infection Mouse Kidney Section

Ganglioside Full Name m/z
GDl1 GDI1 (Neu5Ac - Neu5Ac) (d34:1) | 1807.933
Cer‘—?—D—% GDI1 (34:1)* 1823.928

GD1 (34:1)* 1839.923
GDI1 (38:1)* 1879.991
GD1 (40:1)* 1908.022
GD1 (Neu5Gce - Neu5Gc) (d40:1) | 1924.017
GD1 (42:3)* 1932.022
GDI1 (42:2)* 1934.038
GDI1 (42:1)* 1936.054
GDI1 (Neu5Gc - Neu5Ge) (t42:1) | 1940.012
GDI1 (42:2) 1950.033
GDI1 (42:1) 1952.049

Six different classes of gangliosides, including monosialylated (GM1, GM2, and GM3) as
well as disialylated (GD1) were detected within the S. aureus-infected mouse kidney section
(Figure 4.3). Rare GalNac-GM1b and extended series-GM1b ganglioside species were also
observed in the infection model. These ganglioside species have only been observed in a few
immune cell types, including T-cells, B-Cells, and Macrophages,'>>!°%!% however, their
abundance in other immune cells has not been demonstrated. Of the ganglioside classes, the most
numerous and highest intensity gangliosides were GMs.

GM3 species are the simplest a-series gangliosides, composed of two carbohydrate units
and a single sialic acid. A total of 11 GM3 species were detected in the infected kidney, where the
ceramide chains ranged from C34 to C42 in length (Table 4.1.1 & Figure 4.3A). Mono-
unsaturated di-dehydroxylated ceramide chains were most common, and no unsaturated species
were detected. In terms of sialic acid diversity, both NeuSAc and Neu5Gc sialic acids were
detected. GM3 species were the only ganglioside species observed in both the control and infected
tissue. For example, m/z 1151.71, identified as NeuSAc GM3(d34:1), localized to the fibrous
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capsule of the abscess and the glomeruli (kidney filtering units). This ion was also detected in the
non-infected kidney glomeruli. Here, GM3s are highly abundant in the glomerular podocytes,
where they aid in maintaining the functional integrity of the filtration barrier.'®® In the infected
kidney, all GM3s localized to the fibrous capsule and were not detected in the intra-abscess region.

GM2s are synthesized from GM3s with the addition of GalNac to the oligosaccharide chain
to form a tri-saccharide headgroup with a single sialic acid residue. A total of five GM2 species
were detected in the infected tissues sample. (Table 4.1.2 & Figure 4.3B) All GM2s had a di-
hydroxylated ceramide backbone, and only Neu5Gc sialic acids were detected. All GM2s were
localized to the outer abscess layer, and signals were also observed neighboring the center of the
abscess — likely Splendore-Hoeppli phenomenon. The exact role of GM2s within infection
processes are not completely understood. It has been noted, however, that in some infection
models, GM2s serve as an adhesion molecule for bacterial infiltration.”®

The most abundant ganglioside class detected in the infected mouse kidney sample was
GM1, which contain a tetra-saccharide core and a single sialic acid. GM1s have high structural
diversity resulting in several possible isomeric structures (discussed in detail in the following
section). In this study, 17 different GM1s were differentiated by m/z alone, and additional 8 were
revealed by TIMS separation (Table 4.1.3 & Figure 4.3C). The ceramide chains varied in length
(C34 to C42) and in degree of saturation (unsaturated, di- and tri-unsaturated). Although di-
hydroxylated ceramides were most common, several tri-hydroxylated chains were also detected.
The GM1s were detected throughout the abscess but varied in their intra-abscess distributions. In
addition to the intra-abscess regions, ganglioside signal was also detected in surrounding immune
cell infiltrates. The differences in spatial distributions within this ganglioside class can also be
attributed to the presence of isomers, as discussed in detail below.

Complex o-series gangliosides, such as GalNac-GM1b, and extended series GM1b species
are synthesized from GM1b gangliosides by the sequential addition of GalNac, and Gal-GalNac,
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Figure 4.3. MALDI TIMS IMS shows structural and spatial diversity within a 10 days post infection S.aureus-
infected mouse kidney section across ganglioside classes — GM3 (red), GM2 (green), GM1 (blue), GalNac-GM1b
(orange), extended GM1b (white), and GD1 (purple).
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respectively. These species may include diversity in sialic acid composition, but not in the position
of the sialic acid. In the infected kidney section, 16 different GalNac-GM1b and three extended
series GM1b gangliosides were detected (Table 4.1.4). lon images of these molecules varied in
intra-abscess spatial distributions, as seen in (Figure 4.3D & 4.3E). Little is known about the
biological function of extended series gangliosides. They have been reported as part of T-cells,
where they have been linked to T-cell differentiation and activation.!3*!3%152 However, our results
indicate that they may also be crucial components of other immune cells since infection would
primarily activate innate immune cells like neutrophils and macrophages. More extended series
and GalNac-GM1b gangliosides are likely present in the dataset, however, close isobaric overlap
with GD1 species hinders confident identification with MALDI TIMS MS/MS.

GD1s are disialylated gangliosides comprised of a tetrasaccharide carbohydrate chain with
two sialic acids. GD1s can be either a-, b-, or c-series ganglioside, and can have multiple variations
on each sialic acid. Numerous GD1 species, as highlighted in Table 4.1.5, were detected in the S.
aureus-infected mouse kidney (Figure 4.3F). However, polysialylated species, such as GD1, can
be particularly challenging to analyze due to the significant in-source fragmentation of the labile
sialic-acid bond, as well as the high number of possible isomeric structures. Although sample
preparation strategies, discussed in Chapter III, aided in situ ganglioside analysis, confident
identification of all high-mass GD1s could not be achieved.

Ganglioside Isomers

Monosialylated GM1 species can be synthesized through either a- or o- pathways, resulting
in GM1s with different sialic acid binding positions. GM1a has a single sialic acid on the internal
galactose unit, and GM1b (o-series) has a single sialic acid on the terminal galactose unit. Sialic
acid diversity is also prevalent in GM1s, where both NeuSAc and Neu5Gc are common in
mammalian non-neuronal cells. This structural diversity can result in two types of ganglioside
isomers — GM1a and GM1b, Neu5Ac-tCer and Neu5Gce-dCer, and a combination of both. Here,
MALDI TIMS IMS was used to analyze GM1 isomers in the S. aureus infected tissue section.
Identified GM1a and GM1b, and Neu5Ac-tCer and Neu5Gce-dCer ganglioside isomers are listed
in Table 4.2.1 and Table 4.2.2, respectively.

Table 4.2.1 GM1a and GM1b Ganglioside Isomers Identified in a 10 Days Post Infection Mouse Kidney Section

Ganglioside Full Name m/z

GM1a and GM1b | NeuSAc GM1 (d34:1) 1516.838
Cef"?ﬂ@ Neu5Ac GM1 (d36:1) 1544.864
Neu5Ac GM1 (d40:1) 1600.932

Neu5Ac GM1 (d40:0) 1602.948

Cef‘-@-l}g Neu5Ac GM1 (d42:3) 1624.932
Neu5Ac GM1 (d42:2) 1626.948

Neu5Ac GM1 (d42:1) 1628.963
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Table 4.2.2 Neu5Ac-tCer and Neu5Ge-dCer Ganglioside Isomers Identified in a 10 Days Post Infection Mouse
Kidney Section
Ganglioside Full Name m/z
GM1 Neu5Ge GM1 (d34:1) | NeuSAc GM1 (t34:1) 1532.833
Cer‘?—D—O Neu5Ge GMI (d36:1) | NeuSAc GMI1 (t36:1) 1560.864
NeuSAc GM1 (t38:1) | Neu5Ge GM1 (d38:1) 1588.896
Neu5Ge GM1 (d40:1) | Neu5Ac GMI1 (140:1) 1616.927
Gem@—}o Neu5Ge GM1 (d40:0) | NeuSAc GM1 (t40:0) 1618.943
Neu5Ge GM1 (d42:3) | NeuSAc GM1 (t42:3) 1640.927
a- & o- Neu5Ge GM1 (d42:2) | NeuSAc GM1 (t42:2) 1642.943
isomers possible | Neu5Ge GM1 (d42:1) | NeuSAc GMI (t42:1) 1644.958

GM1 a and GM1b Isomers

MALDI TIMS revealed GM1 species with multiple conformations having a single m/z
value (Table 4.2.1), with examples shown in Figure 4.4. Here, the extracted ion mobilograms of
m/z 1516.843 (Neu5Ac GM1 (d34:1)) and m/z 1626.948 (NeuSAc GMI1 (d42:2)) revealed two
partially resolved ions (Figure 4.4A and 4.4B). To illustrate the unique spatial distributions of
each isomeric species, both the m/z and 1/Ko information were used to generate ion images. Each
panel highlights the distinct spatial distributions of the lower mobility ion in red, the higher
mobility ion in blue, and an overlay of both ion images. In both examples, the lower mobility ions
localized to the internal regions of the abscess whereas the higher mobility ions localized to the
external boundary of the abscess. Subsequent on-tissue MALDI TIMS MS/MS collected from a
serial tissue section was used to identify the isomers. Example fragmentation data is shown for m/z
1626.948 (Figure 4.5). Here, the shared fragmentation pathway for both isomers confirmed the
ganglioside class as GM1 and the ceramide chain as d42:2 (Figure 4.5A). GM1b and GMIla
isomers were additionally confirmed by their preferential/unique fragments, highlighted in Figure
4.5B and 4.5C, respectively. The extracted ion mobilograms of the fragment ions were used to link
each isomer to its corresponding mobility range of the parent ion. It was concluded that the lower
mobility ion was GM1b, and the higher - GM1a.
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A. Ganglioside Isomers m/z 1516.84
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Figure 4.4. Extracted ion mobilograms of m/z 1516.84, GM1 (d34:1) (A) and m/z 1626.94, GM1 (d42:2) (B) revealed
the TIMS separation of GM1b (red) and GM1a (blue) isomers in S.aureus-infected mouse kidney section.
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Figure 4.5. On-tissue MALDI TIMS MS/MS of m/z 1626.95 (A) revealed the presence of
both GM1a (B) and GM1b (C) isomers within a 10 days post infection S.aureus-infected
mouse kidney. The Extracted ion mobilograms of unique/preferential fragments (right panels)
confirmed that GM1b (red) is more compact than GM1a (blue)

NeuSAc-tCer and Neu5Gce-dCer Ganglioside Isomers

Neu5Ac-tCer and Neu5Gce-dCer GM1 isomers arise when a Neu5Gc-containing GM1 with
a di-hydroxylated ceramide chain overlaps with a NeuSAC sialic acid with a tri-hydroxylated
ceramide chain. Table 4.2 summarizes the possible NeuSGC-dCer and NeuSAc-tCer isomers
within the dataset. Figure 4.6 highlights GM1 Neu5Gc (d34:1) and GM1 Neu5Ac (t34:1) detected
at m/z 1532.83. Additionally, both gangliosides can be either GM1a or GM1b resulting in at least
four possible isomers having the same m/z value. The extracted ion mobilogram of m/z 1532.83
revealed several gas-phase conformers, although not all were baseline resolved. The extracted ion
mobilogram of m/z 1532.83 revealed five ion mobility peaks — 1/Ko 1.91 (red), 1/Ko 1.93(1) (pink),
1/Ko 1.93(2) (blue), 1/Ko 1.97 (gray), and 1/Ko 2.00 (green). Each of the m/z + 1/Ko ion
distributions can be seen in the ion images in Figure 4.6B. On-tissue MALDI TIMS MS/MS was
performed to identify the conformers. The fragmentation spectrum revealed the presence NeuSAc
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GMI (t34:1) and Neu5Gec GM1 (d34:1), show in Figure 4.7A and 4.7B, respectively. The sialic
acid structures were confirmed by the loss of NeuSAc (- m/z 291) and Neu5Gc (- m/z 307). The
ceramide compositions Cer(t34:1) and Cer(d34:1) were confirmed by fragments at m/z 536.49 and
m/z 553.51, respectively (Figure 4.7A & 4.7B). To assign identities of the parent-peak resolved
conformers, the extracted ion mobilograms of fragment ions were assessed where applicable. The
extracted ion mobilograms of m/z 1225.74 and m/z 860.56 indicate that GM1 Neu5Gc (d34:1) is
associated with peaks 1/Ko 1.93(1) (pink) and 1/Ko 2.00 (green). The presence of two peaks in the
extracted fragment ion mobilogram also indicates the presence of both GM1a and GM1b Neu5Ac
(t34:1) isomers. Similarly, the extracted ion mobilograms of m/z 1241.70 and m/z 876.56 reveal
that the peaks at 1/Kyp 1.91 (red) and 1/Ko 1.93(2) (blue) arise from Neu5SAc (t34:1) — both GM1a
and GM1b isomers. Lastly, the extracted ion mobilogram of m/z 876.56 revealed two additional
isomers, likely arising from ceramide chain diversity that could not be identified.

To confidently assign the fragment extracted ion mobilograms as a- and o-series isomers,
extracted ion mobilograms of unique (or preferential) fragment ions were generated (Figure 4.7C
& 4.7D). The fragment at m/z 1167.71 was found to be unique for GM1a — both Neu5Gc (d34:1)
and NeuSAC (t34:1). This fragment arises from the loss of Gal-GalNAc from the headgroup, while
the sialic acid remains intact on the internal Gal unit. The extracted ion mobilogram reveals that
NeuSAC (t34:1) is likely the more intense ion. The preferential fragmentation of GM1b isomers
include a stepwise loss of a sialic acid, and a Gal unit. For NeuSAc (t34:1) and Neu5Gc (d34:1),
this results in fragment ions m/z 1079.67, and m/z 1063.69, respectively. From the extracted ion
mobilogram of each, two peaks can be seen. The lower mobility peaks are attributed to the b series
isomers, however higher-mobility a-series fragmentation was also observed.

Lastly, the MALDI TIMS MS/MS information allowed for the extracted ion mobilogram
of m/z 1532.83 to be partially annotated. Here, we were able to confirm the presence of four
different isomers - NeuSAc (t34:1) and Neu5Gc (d34:1), both a- and b- of each, and map their
distinct spatial distributions (Figure 4.6). These findings indicate that the major isomer in the

Separation of GM1 NeuSAc (t34:1) and GM1 Neu5Gc(d34:1) mz 1532 86- Annotated NeuSGe GM1a (d34-1)

GM1 Neu5Acit34:1) © GM1 Neu5Ge(d34:1)

{Cer C= @O0 || 0 @<
GM1b GM1a GM1b GM1a

m/z 1532.86 | 1/K,1.90 m/z 1532.86 | 1/K,1.93 m/z 1532.86 | 1/K,1.94 m/z 1532.86 | 1/K,1.97 m/z 1532.86 | 1/K,2.01

i 180%

Figure 4.6. Extracted ion mobilogram of m/z 1532.86 reveals five partially resolved peaks —1/Ky 1.91 (red), 1/Ko
1.93(1) (pink), 1/Ky 1.93(2) (blue), 1/Ko 1.96 (gray) 1/Ko 1.97 (gray), and 1/Ky 2.00 (green). Each of the m/z + 1/K,
ion distributions can be seen in the ion images in the bottom panel. Ions were identified with on-tissue MALDI TIMS
MS/MS, as seen in Figure 4.7.
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mixture is GM1a NeuSAC (t34:1) at 1/Ky 2.00. Because of this, the spatial distributions of the ion
image without mobility separation would likely be dominated by this isomer.

This level of structural specificity for ganglioside analysis is very important in an imaging
context of infections. Isomeric gangliosides are known to be involved in different biological
functions.”” Previous studies have demonstrated the importance of sialic acid position on
ganglioside function. For example, gangliosides with a sialic acid on a terminal galactose unit
(such as GM1b) have been found to have a much higher immunosuppressive activity.’”% Neu5Gc-
contsining gangliosides have also been implicated in host-pathogen interactions, however, their
functions are not well understood. It has also been postulated that ganglioside patters of immune
cells vary significantly throughout the course of an infection.”81:16! MALDI TIMS IMS is an ideal
tool to investigate the redistribution of gangliosides over time at the host-pathogen interface.
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Figure 4.7. On-tissue MALDI TIMS MS/MS of m/z 1532.84 reveals the presence of both GM1 Neu5Gc (d34:1)
(A) and GM1 Neu5Ac (t34:1) (B) within a 10 days post infection S.aureus-infected mouse kidney. For both GM1
Neu5Ge (d34:1) and GM1 Neu5SAc (t34:1), GM1a and GM1b isomers were also identified, as evidenced by
panels (C) and (D), respectively. The extracted ion mobilograms of unique/preferential fragments provide
identification of the TIMS-resolved ions of the parent psgks.




Temporal alteration of ganglioside isomers — GM1a and GM1b in S. aureus soft tissue
infection model

The temporal alterations of ganglioside isomers were analyzed throughout the course of
the S. aureus infection. For this purpose, 4, 6, and 10 dpi mouse kidney tissue samples were
analyzed. Data were collected in triplicate with the exception of 10 dpi, which reflects a single
data point due to the low survival rate of the infected mice (most succumb to the infection within
6 days). The relative abundance of

GMI1b and GMla isomers was Temporal alteration of GM1 isomers

tracked by calculating their w4 dpi =6 dpi w10 dpt, =1

relative ratio across four GMI1 1.30 123 '3
species: m/z  1516.84, m/z 120 113 121 o
1600.93, m/z 1616.94, and m/z « 112

1628.96 (Figure 4.8.). For ions 3 110 1

m/z 1516.84, m/z 1600.93, m/z =2 0.98

1616.94, a sharp decrease was 3 % 0.91 035 0.9
observed between 4 and 6 dpi, %n.an I oae .
whereas m/z 1628.96 remained & 0.82

unchanged in the initial time 080 I

points but had a sharp decrease by 070 0.70

10 dpi. Overall, this preliminary ’ .

case study indicates that the 0.60
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decreases throughout the course Figure 4.8. Temporal alteration of ganglioside GM1b/GMla isomer
ratio at 4 dpi (blue), 6dpi (orange), and 10 dpi (red) across four GM1
. species: NeuSAc GMI1 (d34:1) (m/z 1516.84), NeuSAc GM1 (d40:1
are needed to elucidate further. (7 ¢00.03) NeusGe o (214(0: 1) (m/z 161)8.94), and NewsAc M1
A possible explanation for (d42:1) (m/z 1628.96). dpi = days post infection
this observation may be linked to
macrophage activity. Previous studies have shown monosialylated gangliosides (GMI1b in
particular) to be major components of stimulated macrophages.!>®! Their activation has been
associated with increased activity of cell membrane sialidases that cleave sialic acids from
membrane-bound ganglioside molecules. GM1b is more susceptible to sialidase activity, as the
terminal sialic acid is exposed and easily cleaved in comparison to GM1a. As macrophages are
activated, the GM1b gangliosides are de-sialylated at significantly higher rates than GM1a. It is
postulated that the increased presence of de-sialylated GM1b (GA2) molecules may be responsible
for triggering activated macrophages into operation. Although this process is not completely
understood, it is clear that the de-sialylation event is critical in macrophage function.'>® The
spatiotemporal investigation of ganglioside isomers highlighted herein, suggests that abundance
and distribution of GM1b may be a driver of macrophage activation.

of the infection, but future studies

MALDI TIMS IMS of Gangliosides Reveal New Molecular Layers Unidentified by
Traditional Histology

A stained microscopy image of the infected tissue (Figure 4.9) was annotated to highlight

some of the subregions of interest, including the fibrous capsule surrounding the abscess (green),
a zone of degenerate and healthy innate immune cells (yellow), as well as the bacteria at the center
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of the abscess (red arrows). Figure 4.9 highlights ion images with different localizations within
the lesion, where some ions localized specifically to known abscess subregions. For example,
bacterial cardiolipin CL (64:0) (pink) was detected at m/z 1351.98, revealing the spatial
distributions of the bacteria within the abscess. lon m/z 1151.71 (red) co-localized with the outer
boundary of the abscess, which was identified by the microscopy as the fibrous capsule. These two
ions correlate well with known anatomical features. However, additional ganglioside distributions
reveal more intra-abscess heterogeneity than previously described with traditional microscopy.
This is evident in the zone of healthy/necrotic immune cells (Figure 4.9), where histological
assessment revealed a largely homogeneous layer, with no distinct anatomical sub-regions. Here,
the ion images reveal several distinct, previously undescribed, distributions within that subregion.
For example, m/z 1005.51 (yellow) has two distinct molecular layers within the abscess, and ions
m/z 1370.78 (green) and m/z 1532.86 (blue) localize between the yellow subregions. The m/z
1532.86 ion also localizes to an extra-abscess region that can tentatively be characterized as
immune cell infiltrates.

Lastly, the microscopy revealed an intensely eosinophilic feature near the bacterial
colonies tentatively identified as the Splendore-Hoeppli phenomenon.!>® The ion image of m/z
1370.78 (green) co-localized to the intensely eosinophilic region, as well as the outer-most zone
of necrotic/healthy immune cells. The Splendore-Hoeppli phenomenon can be found peripheral to

miz 1151.71 | GM3 NeubAc(d34:1) m/z 1370.78 | GM2 NeubGe(d34:1)

10%

m/z 1351.98 | Bacterial CL (64:0) m/z 1532 83| GM1 Neu5Gc (d34:1)

I 197%

Figure 4.9. H&E stain of soft tissue abscess (10 days post infection S. aureus infected mouse kidney) revealing a
fibrous capsule (green arrow), bacterial communities (red arrows), a zone of healthy/dead immune cells (yellow
arrow), as well as an intensely eosinophilic region tentatively identified as Splendore-Hoeppli asteroid bodies (bright
blue). Ion images of m/z 1151.71 (red), m/z 1370.78 (green), m/z 1351.98 (pink), m/z 1532.86 (blue), and m/z 1005.51
(yellow) highlight the intra-abscess heterogeneity revealed by MALDI TIMS IMS.
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bacteria and among areas of degeneration and necrosis.!>’ The exact mechanism and molecular
makeup of Splendore-Hoeppli asteroid bodies is still unknown, however, it is thought to contain
glycoproteins, lipid, and calcium derived from host leukocytes. MALDI TIMS IMS was able to
uncover more detailed molecular and morphological information of this and similar phenomena of
known anatomical features of the soft tissue abscess than with traditional methods. Furthermore,
this type of analysis can reveal new molecular features that are critical to understanding the
interplay between host and pathogen which remain unidentified by traditional histological
assessments. Future studies combining molecular analysis with histopathological analysis can
provide more information on molecular patterns of structures to investigate the biological
implications of these newly discovered substructures of the S. aureus abscess.

CONCLUSIONS

Structural characterization at the site of infection is essential in elucidating host ganglioside
function in response to invading pathogens such as Staphylococcus aureus. Differences in spatial
distributions were observed for gangliosides of different classes, as well as for gangliosides that
differ in ceramide chain composition and oligosaccharide-bound sialic acid. This work
demonstrates that MALDI TIMS IMS can reveal new molecular layers within the abscess that
cannot be discerned by pathohistological assessment and have previously gone undiscovered.
Furthermore, integration of the TIMS-dimension allowed for the gas-phase separation of GM1b
and GMl1a, as well as Neu5SAc-tCer and Neu5Gce-dCer isomers within the soft tissue abscess.
Spatial investigation of molecular distributions within infected tissues over 4, 6 and 10 dpi revealed
alteration in relative GM1b/GM1a isomer abundance throughout the course of the infection. The
work described herein provides an initial case study into studying ganglioside structural and spatial
alterations throughout the course of infections. Here, MALDI TIMS IMS is shown to be an optimal
technology for providing thorough characterization of complex lipid structures uncovering new
molecular spatial localizations and abscess architecture, as well for providing molecular context
for known anatomical substructures in infected tissue.

METHODS

Materials

DHA, ACA, hematoxylin, eosin, and ammonium sulfate were purchased from Sigma-Aldrich (St.
Louis, MO, USA). HPLC-grade acetonitrile, methanol, ethanol, tetrahydrofuran, and chloroform
were purchased from Fisher Scientific (Pittsburgh, PA, USA). ITO coated slides were purchased
from Delta Technologies, Limited (Loveland, CO, USA).

Murine Model of S. aureus infection

Female BALB/cJ mice (6-8 week old) (Jackson Laboratory) were retro-orbitally infected
with 1 x 107 colony forming units (CFU) in 100 uL of sterile phosphate-buffered saline as
previously described.!®? Following infection, the mice were euthanized on 4, 6, or 10 dpi. The
organs were removed, immediately frozen on a bed of dry ice, and stored at -80°C until further
processing. All animal experimental protocols were reviewed and approved by the Vanderbilt
University Institutional Animal Care and Use Committee and are in compliance with institutional
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policies, NIH guidelines, the Animal Welfare Act, and the American Veterinary Medical
Association guidelines on euthanasia.

Sample Preparation

Infected and control mouse kidney sections were cryosectioned to 10 um thickness using
a CM3050 S cryostat (Leica Biosystems, Wetzlar, Germany) and thaw-mounted onto conductive
indium tin oxide-coated glass slides (Delta Technologies, Loveland, CO, USA). Matrix (2°,5’-
DHA with 62.5uM ammonium sulfate in 60% ethanol-water) was applied using a robotic M5
sprayer to a final matrix density of 1.23 pg/mm?. Immediately following MALDI IMS, matrix was
removed from the sample using 100% ethanol and rehydrated with graded ethanol and double
distilled H>O. Tissues were then stained using an H&E stain. Brightfield microscopy was obtained
at 20x magnification using Zeis AxioScan Z1 slide scanner (Carl Zeiss Microscopy GmbH,
Oberkochen, Germany).

Table 4.3. Matrix Deposition Parameters for Ganglioside Analysis within Murine Kidney Infection Model

Concentration Nozzle/Stage Velocity  Passes  Spray Speed Matrix density
(mg/mL), Solvent temperature (°C) (m/min) # (mL/min at (ng/mm?)
pressure)
DHA- o .
AmS 5.0, 60% Ethanol 60/50 1350 5 0.05, 10 pst 1.48
15, 95% THF, 5% .
ACA DMF 50/55 4050 4 0.15, 8 psi 7.65
62.5 mM, 60% :
AmS Ethanol 65/55 1350 25 0.01, 15 psi 1.48
MALDI TIMS MS

All experiments were carried out on a prototype MALDI timsTOF Pro mass spectrometer.
Data were acquired in negative ionization mode (m/z 1000 — 3000) at 50 um (45 pm beam scan)
spatial resolution with ~50% laser power at 10 kHz, 400 shots per pixel, and 35680 (infected) and
19694 (control) pixels per sample. The following parameters were kept constant across all imaging
experiments: ESI dry gas temperature — 100°C; Ion transfer time - 120 ps; pre-pulse storage time
- 12 ps; collision RF - 3500 Vpp; TIMS funnel 1 RF - 450 Vpp; TIMS funnel 2 RF - 400 Vpp;
multipole RF - 400 Vpp, collision cell entrance voltage - -200 V; MALDI deflection plate -90V.
The source pressure was set to ~2.35 mBar to access higher 1/Kj ranges.

Identifications & Data Analysis

Serial tissue sections were analyzed for further structural investigation. To eliminate the
possibility of isobaric interferences, a tissue section was analyzed using ultrahigh-spectra
resolution FT-ICR MS (resolving power ~20,000 at m/z 1544). MALDI TIMS MS/MS
experiments were used to show diagnostic and preferential a- / b-series fragments from standards
and to confirm ganglioside identification from serial tissue section. MALDI TIMS IMS data were
analyzed using DataAnalysis and visualized using SCiLS and a custom in-house developed
software.

54



CHAPTER V
CONCLUSIONS AND FUTURE PERSPECTIVES
OVERVIEW

MALDI IMS is a well-established technology for untargeted in situ analysis of
biomolecules. Here, integration of TIMS was demonstrated for the enhanced specificity of spatial
lipidomics.'?1"163 Specifically, TIMS separations greatly improved the peak capacity of lipid IMS
experiments, where a threefold increase of detected features was observed.">* This was achieved
by resolving structurally distinct isobaric/isomeric species that overlap in the m/z dimension. Such
common mass spectral ambiguities may hinder confident identification and spatial distribution
assessment. Following this, MALDI TIMS separation of lipid isomer standards including sn-
backbone isomers, acyl chain isomers, double-bond position isomers, and stereoisomers was
demonstrated. MALDI TIMS was also used to resolve lipid isomers in situ, where their distinct
spatial distributions were characterized in a whole-body mouse pup tissue sample.

Building on these initial experiments, more complex analytes, such as gangliosides were
studied. This is a highly diverse class of molecules, with numerous biologically relevant isomeric
structures. Their high structural heterogeneity and propensity for in-source fragmentation makes
their intact analysis via MALDI IMS particularly challenging. Here, sample preparation conditions
were optimized for MALDI TIMS IMS of gangliosides to enhance their detection at high spatial
resolutions, with minimal analyte delocalization and in-source fragmentation. The developed
methods were applied to rat brain and spinal cord tissue samples to reveal the spatial distributions
of isomeric GD1a/b (d36:1) and GD1a/b (d38:1) species. This level of structural specificity in a
spatially resolved context is not possible through standard IHC experiments nor through typical
MALDI IMS workflows. This work suggests that MALDI TIMS IMS can be used for structurally
informative spatial interrogation of this complex family of lipids in healthy and diseased tissues.

Optimized MALDI TIMS IMS methods were also applied to study ganglioside structural
and spatial heterogeneity within an S. aureus-infected mouse kidney abscess. Differences in spatial
distributions were observed for gangliosides of different classes, as well as for gangliosides that
differ in ceramide chain composition and oligosaccharide-bound sialic acid. Gas-phase separations
revealed the unique spatial distributions of monosialylated gangliosides isomers GM1a/GM1b and
Neu5SAc-tCer /Neu5Ge-dCer GM1 within the host-pathogen interface. MALDI TIMS IMS is
uniquely capable of tracking spatiotemporal alterations of ganglioside isomers. Imaging data
collected at 4, 6, and 10 dpi revealed a decrease in the GM1b/GM 1a ratio throughout the infection.
These analyses also revealed molecular layers within the abscess that have not been previously
identified by traditional histology. Collectively, this work shows that MALDI TIMS IMS can be
used as a highly specific informative technique to survey the molecular diversity at the interface
between host and pathogen.
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Limitations of MALDI TIMS IMS of Gangliosides

The work described herein demonstrates MALDI TIMS IMS of gangliosides and the
significant advances made in sample preparation procedures for their detection and isomer
differentiation/visualization. Noteworthy limitations of this work include comprehensive profiling,
quantification, and structural characterization for in situ ganglioside analysis. As discussed in
Chapter III, heavily glycosylated glycosphingolipids suffer from low ionization efficiency and
labile groups such as sialic acid or fucose readily undergo in-source fragmentation.® Although
careful sample preparation strategies can significantly decrease these phenomena, intact
ganglioside analysis over a wide mass range remains challenging. Consequently, comprehensive
quantitative ganglioside analysis requires supplemental LC-MS. In addition to robust quantitation,
LC-MS can provide additional insight into neutral glycosphingolipids such as globosides and
cerebrosides that are undetected by MALDI without on-tissue derivatizations.”*

On-tissue ganglioside isomers analysis was also demonstrated in this work (Chapters I11
& IV). Here, glycan positional isomers resulting from the varied position of sialic acids - GD1la
and GD1b (Chapter III); GM1a and GM1b (Chapter IV) were differentiated by MALDI TIMS
IMS. Although other structural differences are possible within the headgroup and the lipid tail,
many isomers remained unresolved by TIMS separations. For example, the sialic acid link to the
galactose unit can be either a2-3 or a2-6 (Chapter IV, Figure 4.1). Since this structural difference
does not significantly alter the gas-phase conformation of the molecule, such isomers were not
separated with TIMS. Similarly, isomers with subtle variations (double bond
position/stereochemistry) in the ceramide unit also remained unresolved in the gas phase. Although
TIMS can partially resolve double bond position/stereochemistry within glycerophospholipids,
such as PCs (Chapter II, Figure 2.4), these differences were not revealed within gangliosides.
Higher resolving power ion mobility systems, such as SLIM devices’, may be employed to resolve
such isomers. These analyses come at the expense of acquisition time and spatial information, as
a SLIM MALDI platform is yet to be developed.* Alternatively, chemical derivatizations or
modern fragmentation techniques can be used to differentiate these subtle structural differences.
For example, sialic acid linkage-specific alkylamidation derivatization has been recently
developed to distinguish different sialic linkages in glycosphingolipids, and photodissociation and
ozone-induce dissociation are promising tools for double bond position/stereochemistry analysis.’

Lastly, although many studies have contributed to the current knowledge of ganglioside
expression in immune cells, this information is incomplete and in many cases lacks structural
details across immune cell subsets.!” For example, although gangliosides have been
comprehensively studied within T cells 1?2, not all immune cells have been thoroughly
investigated. To date, hardly any studies on ganglioside expression from eosinophils, basophils,
and natural killer cells exist.!”> Incomplete structural information poses a challenge in
understanding the expression, regulation, and function of gangliosides in immune cells. Therefore,
contextualizing alteration of ganglioside patterns within biological processes, such as in infections
(Chapter 1V) is uniquely challenging, as the basal ganglioside profiles of the present cell types
are not defined. For this purpose, a systematic and comprehensive analysis of gangliosides in
immune cells during their development, maturation, or activation is necessary to provide biological
meaning. In general, optimization of global lipidomic methods to investigate a wide range of
gangliosides in a quantitative manner, as well as highly specific derivatization/fragmentation
techniques to elucidate subtle structural differences are necessary for comprehensive ganglioside
analysis.
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FUTURE PERSPECTIVES

Gangliosides exert diverse biological functions, including modulation of the immune
system response.’®’® However, information regarding their structural diversity within immune cell
subsets is incomplete, largely due to the limitations of available analytical techniques. This poses
a challenge in understanding the expression, regulation, and function of gangliosides in immune
cells.”® MALDI TIMS IMS can provide detailed structural and spatial information, making it an
optimal analytical approach to study these molecules in situ. Here, ganglioside structural/spatial
diversity was investigated within an S. aureus soft tissue abscess.

Abscess formation is the hallmark of S. aureus infections.’™”’ Past studies of the
staphylococcal abscess architecture and its cellular contributors led to the development of a robust
model of abscess formation (Chapter I).°>!*® Despite this, much remains unknown regarding the
molecular drivers of the immune mechanisms involved in this process. While intra-abscess cellular
heterogeneity can be studied through histochemical approaches, no molecular information can be
provided. Conversely, untargeted molecular investigations, such as with MALDI IMS, can reveal
new molecular layers without providing any information on the key cell types associated with
observed molecular distributions. Future studies should integrate molecular imaging strategies
with immunohistochemical approaches to correlate chemical signals with distinct immune cells.
A suitable approach could incorporate multiplexed IHC which allows for the simultaneous
detection of multiple biochemical markers within a single tissue section.!®* Supplemental
molecular information can be provided by IMS for a more comprehensive understanding of cell
composition, cellular function, and cell-cell interactions.

Soft tissue abscesses undergo dynamic changes throughout the course of an infection.”®
Chapter IV shows that MALDI TIMS IMS can be used to study spatiotemporal alterations of
molecules in this environment. For example, the case study in Chapter IV revealed temporal
alterations of ganglioside isomer abundances, where the overall ratio of GM1b to GM1a decreased
throughout the infection. It was hypothesized that these alterations may be associated with
macrophage stimulation and activation. However, changes in ganglioside patterns may involve
multiple processes occurring simultaneously. For example, changes in ganglioside patterns may
be a result of normal immune cell function, bacterial manipulation, and/or changes in cellular
recruitment to the abscess.

As a first response to invading microorganisms, innate host immune cells, such as
neutrophils, are rapidly recruited to the site of infection to remove pathogens. Host gangliosides
are implicated in these interactions and aid in the differentiation/activation of immune cells,
leading to alterations in their ganglioside repertoire. The direct interaction of immune cells with
bacteria and bacterial toxins can also alter ganglioside patterns. Pathogens are known to
circumvent the host innate immunity by altering immune cell gangliosides. Previous studies
indicate that the glycan headgroup structure has a significant impact on pathogen-host interactions.
For example, gangliosides with terminal sialic acid residues (such o-series GM1s) are more
susceptible to bacterial adhesions!'®> and have more immunosuppressive properties.'® As
infections progress, new immune cells with different ganglioside expression patterns are recruited
to the site of infection. The introduction of new cells/molecules to the abscess further complicated
assessment. Discerning if the observed changes in ganglioside patterns are a result of normal
immune cell function or bacterial manipulation remains unclear. Future studies could investigate
ganglioside significance in S. aureus infections by altering host ganglioside levels. In the context
of S. aureus infections, inhibition/stimulation of host ganglioside synthesis may provide new
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insight into their role in disease progression. Past studies have suggested that modulating host
levels of glycosphingolipids could be a potential treatment strategy for infection control.”®
Although significant strides have been made towards understanding the role of gangliosides within
infections, much of the knowledge remains descriptive with little translation to the clinical lab.
Gaining fundamental insight into the metabolism of gangliosides, and glycosphingolipids as a
whole is a promising avenue of research for potential treatment and/or prevention of infectious
diseases.
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VI. APPENDIX
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Figure 6.1. MALDI FT-ICR IMS data generated from whole body mouse pup tissue. (A-C) lon images show unique
spatial distributions for the nominally isobaric species detected at m/z 756.55087 and m/z 756.55325. These
distributions were used to link this data to the mobility separated species detected by MALDI timsTOF IMS. (D-E)
Spectral data show the ability of high mass-resolution MALDI FT-ICR MS to baseline resolve closely isobaric PC
(32:0)Na" (m/z 756.55087) and PC(34:3)H" (m/z 756.55325). Reprinted with permission from Spraggins et. al.!,
Analytical Chemistry (2019) Copyright 2019 © American Chemical Society.
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Figure 6.2. Collision induced dissociation (CID, 40 eV) data acquired on the prototype MALDI timsTOF platform to
confirm the identity the isobaric lipid species as PC(34:3)H" and PC(32:0)Na*. Spectra were acquired from both areas
of adipose (A) and brain (B) tissue of a whole-body mouse pup. The spectra show distinct fragment ions indicating
that the sodiated PC(32:0) is found predominantly in the brain and the protonated PC(34:3) is more abundant in the
adipose tissue. The most significant difference between the two fragmentation experiments is the presence/absence of
m/z 184 ion corresponding to the protonated phosphocholine head group. This ion, which is commonly observed as
the base peak in CID spectra for protonated phosphocholines, is much less prominent when fragmenting sodiated
species.'”” Reprinted with permission from Spraggins et. al.!, Analytical Chemistry (2019) Copyright 2019 ©
American Chemical Society.
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Figure 6.3. Negative ionization mode MALDI TIMS mass spectra of BMP(14:0/14:0) and PG(14:0/14:0) (A); PG
(18:0/18:2(9Z,127)), PG (18:1(9E)/18:1(9E)), and PG(18:1(92)/18:1(92)) (B).
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Figure 6.4. Positive ionization mode MALDI TIMS mass spectra of PC(18:1(6Z)/18:1(62)), PC(18:1(9Z)/18:1(92)),
and PC(18:1(9E)/18:1(9E)) (A); PC(18:1(9Z)/16:0) and PC(18:1(11Z)/16:0) (B). Reprinted with permission from
Djambazova et. al.”, Analytical Chemistry (2020) Copyright 2020 © American Chemical Society.
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Figure 6.5 MALDI FT-ICR data generated for whole-body mouse pup. lon image of m/z 718.5748 (A) shows spatial
localizations that mimic those available from the composite image in Figure 2.5A. The mass spectrum (B) highlights
a single peak at m/z 718.5748, suggesting there are no interfering peaks from to isobaric species. The lipid isomers
with m/z 718.5748 were identified as [CerP(t40:1) + H]", [PC(O-32:1) + H]" and [PC(P-32:0) +H]". Reprinted with
permission from Djambazova et. al.??, Analytical Chemistry (2020) Copyright 2020 © American Chemical Society.
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Figure 6.6. Analyte delocalization beyond the tissue boundary following an ammonium sulfate and ammonium
formate wash as compared to no wash.

A. GD1a/b (d36:1) | m/z 1835.96  B. GD1a/b (d38:1) | m/z 1863.99
GD1b (d36:1) GD1b (d38:1)
GD1a (d36:1) GD1a (d38:1)
Total Total
Extract Extract
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Figure 6.7. Extracted ion mobilograms for GD1b (red) and GD1a (blue) for GD1(d36:1) (A), and GD1b (red) and
GD1a (blue) for GD1(d38:1) (B), aligned with the extracted ion mobilogram of m/z 1835. 96 and m/z 1863.99 from a
total ganglioside extract of porcine brain.
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Figure 6.8. On-tissue MALDI fragmentation data collected from rat brain hippocampus (~1000 pixels) for m/z
1835.96 (A) and m/z 1864.99 (B) (CID: 75.0 eV, isolation window: + m/z 1.5). The relative ratio of m/z 1544.88 and
m/z 1572.90 to m/z 581.24 provide strong evidence that both a- and b- series isomers are present in the rat brain
hippocampus. Fragment ions m/z 888.63 (A) and m/z 916.71 (B) corresponding to LacCer(d36:1) and LacCer(d38:1),
respectively, provide information regarding the composition of the ceramide moiety. The intensities of peaks m/z
1544.88 (A), m/z 1572.90 (B), and m/z 1863.99 are 5067, 4077, and 1163, respectively.
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Figure 6.9. Annotated serial transverse section of a rat spinal cord in the sympathetic intermediolateral horn region,
roughly between; T9 — T12. The cresyl-violet stain highlights the boundaries of the white/gray matter and roughly

shows the location of the rexed lamiae of the dorsal horn, specifically laminae 1 and 2. Annotations were based on
The Atlas of Rat Spinal Cord.'¥
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