ABSTRACT

PACE, CRYSTAL L.Development of the Infrared Matrikssisted Laser Desorption Electrospray
lonization (IRMALDESI) Mass Spectrometry Imaging (MSI) Platform for the Analysis of
UnderivatizedBiomoleculegUnder the direction of Dr. David C. Muddiman).

This dissertation degcribes the development of new methodologies and analytical
workflows to deeply investigatdiological applications by infrared matrassisted laser
desorption electrospray ionization (NALDESI) mass spectrometry imagingR-MALDESI is
a hybrid ionizatbn source combining soft ionization aspects from both matsisted laser
desorption ionization (MALDI) and electrospray ionization (ESI). An exogenous ice matrix is
applied to samples by controlled exposure to humidity removing any interference ediestsl
by application of external matrices used by MALDI techniques. AlRithser is used to ablate
neutral species from a samlesitionedon an XYZ translational stage desorbing neutral species
into the gagphase where they are pashized by an ortbgonal ESI source. Interfaced widim
Orbitrap mass spectrometer-NRALDESI experiments utilize high resolving power for confident

identification of biomolecules.

The mechanisms by whidktal development is impacted by chemical exposures such as
flame retardantgemairs unclear, but emerging evidence suggests that disruption at the level of
the placenta may play a role. Without chemical derivatization, 49 neurotransmitters and their
related metabolites were putatively identified in rat placegtéR-MAL DESI MSI using mass
measurement accuracy and spectral accufatyandful of neurotransmitters were legsundant
in placentas exposed to various flame retardants vemdfound that theselownregulated
neurotransmitters shared the same enzyme responsibieetabolism, aromatic-amino acid
decarboxylase, suggesting a mechanistic role. These data constitute a new approach that could help

identify novel mechanisms of toxicity in complex tissues.



Multimodal mass spectrometry imaging (MSI) is a critical teghai used for deeply
investigating biological systems by combining multiple MSI platforms in order to gain the
maximum molecular information about a sample that would otherwise be limited by a single
analytical techniqueéd multimodal MSI approach was credtwith IRMALDESI and nanoPOTS
LC-MS/MS by analysis of adjacent tissue sections of rat brain for metabolomic and proteomic
imaging.The combined data revealed complementary molecular profiles distinguishing the corpus
collosum against other sampled regiaf the brain. A multiomic pathway integration showed a
strong correlation between the two datasets when comparing average abundances of metabolites
and corresponding enzymes in each brain region. This work demonstrates the first steps in the
creation ofa multimodal MSI technigue that combines two highly sensitive and complementary

imaging platforms.

Glycans are complex molecules that pose analytical challenges due to their isomeric
compositions, labile character, and ionization preferences. Nstiviked glycans produced by
enzymatic cleavage (via PNGase F) of bovine fetuin were analyzed directlyNMALRESI in
both positive and negative ionization mo@etotal of 12 N-linked glycans in negative mode and
4 N-linked glycans in positive modeere detected a significant increase in the amount of
underivatized glycans detected by other ionization sources. Importantly;liaked glycans
detected contained at least one sialic acid residue, which are known to be labile. This work
represents a crita first step forN-linked glycan analysis by HRIALDESI with future efforts

directed at mass spectrometry imaging.

The first analysis oN-linked glycans in situ by IFMALDESI MSI was demonstrated
Formalinfixed paraffirembedded (FFPE) human prostatesie was analyzed in negative

ionization mode after tissue washing, antigen retrieval, and pneumatic application of PNGase F



for enzymatic digestion dfl-linked glycans. 53-linked glycans were confidently identified in
the prostate sample where more th&0% containedabile sialic acid residues. This work

demonstrates the first stepsNhlinked glycan imaging of biological tissues by-NRALDESI

MSI.
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Chapter 1: Introduction to Mass Spectrometry

Mass spectrometry is a leading analytical tool in the discovery and quantification of
molecules in simple and complex samples. A wide range of analytes are routinely measured by
mass spectrometry including volatile organic molecules, metalahulites, polymers, lipids, and
proteins. Mass spectrometry measurements are made via (1) ionization of neutral molecules, (2)
separation of ions by mass-charge /2 ratios in the mass analyzer, and (3) detection of ions
for abundance. Thus, the pany components in the mass spectrometer are the ionization source,
mass analyzer, and detector which should all be chosen based on the sample type and analyte(s)
of interest being studied. Especially relevant to the work presented here are the ionzates s
and mass analyzers used, and a detailed description of the background and underlying theories for

the ionization sources and mass analyzers used in this work are discussed below.

1.1 Soft lonization Sources
1.1.1 Electrospray lonization

Electrosprg ionization (ESI) has emerged as one of the most widely used ionization
sources due to its versatility and advantages for large molecule analysis. ESI was first theorized
for mass spectrometry in 1968 by Dole andwmkers and implemented with a mass
spectrometer by Fenn and-aorkers in 1984 A key feature of ESI is the ability to produce
multiply-charged ions, which is useful for studying large macromolecules where previous analyses
were limited by the upper range of the mass analyzers. Moletalatios are much lower (by a
factor ofz) for multiply-charged ions which allows for smaller constraints on the mass range of
mass analyzer&Sl is a soft ionization method meaning that fragmentation of ions seldom occurs

during ionization, whereas harder ionization methods (e.g., chemical impdcelactron



ionization) greatly fragment ions. Additionally, ESI is useful with complex samples, as it is easily
coupled with separation methods and sample cleanup techniRjsadvantages in ESI analyses
include the susceptibility of analytes to ion swggsion from interfering salt in complex samples
and hydrophobic bias during the desolvation of droplets resulting in preferential ionization of
hydrophobic analytes.

Analytes diluted primarily in aqueous solution are introduced to the ESI source by
continuous nanao microliter flow Figure 1.1). A voltage is applied to the capillary causing the
oxidation of water in positive ionization mode forming idns (or reduction of water producing
OH'ions in negative ionization mode). The accumulation of charge at the tip causes an elongation
of solvent droplets which creates a cone of liquid called the Taylor cone. Once the maximum
charge density (i.e., the Rayleigh limit) has been reached, droptetxelled from the Taylor
cone creating an electrospray plume of charged droplets. Precursor droplets migrating towards the
mass spectrometer (which acts as a counter electrode) first undergo desolvation from solvent
evaporation, causing droplets to siirin size. Desolvation occurs until the charged droplets reach
the Rayleigh limit which causes offspring droplets containing analyte and charge to expel from the
precursor droplet. The charged residual model and the ion evaporation model are the two prima
models that explain the mechanism from which offspring droplets become desolvated ions.

In the charge residual model (CRM) proposed by Dole andazkers, offspring droplets
continue to desolvate and expel smaller offspring droplets when the Rayleigh limit is reached. This
process continues until only one molecule with charge remains, which can then be transmitted and
analyzed by mass spectrometry. le ibn evaporation model (IEM) proposed by Iribarne and
Thomson, offspring droplets continue tesolvate and expel smaller offspring droplets when the

Rayleigh limit is reached. When the field strength of the droplet is greater thsifmi,Gons are



desorbed directly from the surface of the droplet. The precursor droplet containing other molecule
and charge is left behind and continues to desolvate until ions can be desorbed. The key difference
between the two models is that CRM releases charged analytes from complete solvent evaporation

and IEM releases charged analytes directly from the suofaaféspring droplets.

Oxidation and Reduction of Water b g ¥ >~ ¥

2H20—>02+4H‘+4e “
2H,0+ 2e—> H,+20H"

+

4
a ? 2y
Y lon Ei .
D B B T Vaporation v

2L 4 F2 @ " Model

: 2. H Q2 2
Taylor Cone Formation e 8 # ¥

+ —_—
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gy = permittivity of free space

q, =\ 64m2e5y13 vy  =surface tension

r = radius of droplet

Figure 1.1Mechanism of electrospray ionization showing the two proposed models of ionization.
Red lines inside the water droplets represent analytes. The chemical reactions for the oxidation
and reduction of water are shown i ttop left and the equation for the Rayleigh limit is shown

on the bottom.

1.1.2 MatrixAssisted Laser Desorption lonization

Matrix-assisted laser desorption ionization (MALDI) is a soft ionization source that
requires the use of an energlysorbing maix that allows for the ionization of large molecular
weight molecules by laser desorption. MALDI was introduced in the late 1980s by Hillenkamp
and Karas, who showed the addition of an organic matrix generates large molecular ions (about 10

kDa) without fagmentation by ultraviolet (UV) laser desorptfd®ince then, MALDI has become
3



popular for large molecule analysis and mass spectrometry imaging applications. Disadvantages
to MALDI include vacuum requirements, ion suppression and isobaric interference from the
energyabsorbing matrix, and the large mass range requirements for magzeas due to the
primary production of singhgharged ions.

A typical MALDI workflow begins by placing a sample (dried droplet or sectioned tissue)
onto a MALDI sample plateHigure 1.2). An even layer of organic matrix is deposited on the
surface ofthie sample using a commercial pneumatic sprayer and allowedtgstallize with the
analytes. The MALDI sample plate is then placed inside a vacuum chamber for analysis. A UV
laser is triggered at the sample, exciting the matrix molecules and desatgegmultiply
charged clusters containing matrix molecules, counterions, and analytes into-giasggsThe
excitedstate matrix is responsible for ionizing analyte material through proton transfer-by gas
phase collision. There are two primary theormsthe mechanism of proton transfer in MALDI:
the lucky survivor theory and the gpbase protonation theory.

The lucky survivor theory statethat the analyte is already charged prior to any
experimental steps and will retain the original charge stee lading mixed with the matrikAs
matrix molecules separate from analyte clusters, the analyte will undergo many proton transfers
from matrix ions, gaphase patrticles, and other analytes but will also be neutralized by electrons.
A small percentage of pratated analyte (from pmaatrix conditions) will survive to be analyzed,
thus making them lucky survivor ion§he gasphase protonation theory states that neutral
analytes collide with gaghase matrix ions and undergo proton transfer, given that thegeahab
a higher proton affinity than the matrix, as determined by the negative change in enthalpy of
reaction® Both theories have been thoroughly investigated and experimentally shown td occur.

The mechanism that dominates is dependent on (1) the charge state of the analyte before matrix



crystallization, (2) the pH of the solution, and (3) the laser fluence. fasallgat are preharged

in solution are more likely to follow a lucky survivor mechanism. An increase in pH of the solution
results in fewer preharged ions, leading to more gasase protonation. An increase in laser
fluence increases the amount of ¢xdistate matrix molecules which allows for more-gasase

protonation mechanisms to occur.

Lucky Survivor Theory

\_ Analyte Molecules

i Counter-ion Separation
Ground State Matrix

- X - n4HX
O Excited State Matrix

AH™ +nX- AH*

-ma - HX

V) w Counter-ion Neutralization
~ ~ .
B Gas-Phase Protonation
+maH*
A » AH*

| | -ma

Figure 1.2 lonization mechanism of MALDI analyses showing theccgstallization of organic
matrix molecules with analytes of interest. UV laser ablation caxe#tedstate matrix molecules

responsible for ionization of analytes by the two primary theories shown on the right.

1.1.3 Infrared MatrixAssisted Laser Desorption Electrospray lonization
Matrix-assisted laser desorption electrospoayzation (MALDESI) was first introduced
in 2006 by Muddiman and ewmorkers for the analysis of intact polypeptidedALDESI is a
branch of laser desorption ionization combining both MALDI and ESI techniques. MALIEASSI
been employed for the direct analysis of small molecules, metabolites, lipids, and proteins in an
assortment of sample types such as liquid safpients®, and biological tissués Previous
work has demonstrated the applicability of MALDESI for qualitative analyses as well as

quantitaive with the addition of calibration curves and internal stand&rBisis ionization source

5



combines advangges from both MALDI and ESI mechanisms. Similar to MALDI, MALDESI can
provide spatial information through imaging, tolerate high salt concentration in s&inples
offers the opportunity for high throughput screening analfseike ESI, MALDESI operates at
atmospheric pressure and can produce multpbrged ions. These benefits make MALDESI an
excellent analytical tool for studying a range of molecular classes within a variety of sample types.
The curent MALDESI platform contains an XYZ stage, an electrospray ionization source,
and a midinfrared (IR) laser all kept in a humiditgontrolled enclosureFgure 1.3). Due to the
wavelength of the laser, the current rendition of the system utilized wvdhkswill be specifically
referred to as IRMALDESI. A sample either thawnounted onto a microscope glass slide or in
microliter well plates is placed on the XYZ translational stage for analysis. For tissue analyses, the
enclosure is purged with nitroggas to reduce humidity and the sample stage is cool88Gdo
prevent condensation of water and maintain the spatial integrity of the tissue. A thin ice layer is
deposited on top of the tissue sample by controlled exposure to ambient humidity. TWeda@ilo
endogenous and exogenous water to act as an ealesgybing matrix due to its IR absorption at
2.94 um?® The midIR laser fires a laser pulse perpendicular to the sample, ablating sample
material into neutral gashase pdicles that meet an orthogonal electrospray plume. The ablated
neutral species undergo ionization via an-BH& process as described 8ection 1.1.1 This
mechanism was determined by the observation of multiphrged ions and deuterated ions when

using D20 in electrospray instead o£@.1617



IR laser b ‘ #

ESI source

=3

# MS Inlet

Glass slide on XY stage

Figure 1.3 Schematic of IRMALDESI depicting the sample with deposited ice matrix, -hid

laser, and electrospray plume.

1.2 Fourier Transform Mass Spectrometry

Following the ionization of analytexns need to be transmitted, separated, and detected
by massto-charge /2 ratios. The mass analyzer is responsible for the separation of iomz by
ratios prior to detection. There are a variety of mass analyzers available includirgd-flight,
guadrupole mass filters, and ion traps. The Orbitrap is a Fourier transform ion trapping mass
analyzer introduced in 1999 by Alexander MakafdWThe Orbitrap has greatly impacted the
accessibility of Fourier transform mass spectrometers due to its very compact nature eliminating
the need for a large superconducting magnet. Opbitistruments can achieve a resolving power
of up to 1,000,000 at 20@/zwith a mass accuracy of less than 1 ppm with internal calibration.

All experiments in this document were obtained using the Q Exactivefusd 1.4), Q
Exactive HFX, Orbitrap Exploris 480, or the Orbitrap Exploris 240 mass spectrometer. While

each of these instruments manufactured by Thermo Fisher Scientific contain improved and



updated technologies from each other, all contain similar core components including a quadrupole
massfilter paired with an Orbitrap mass analyzer. In each instrument model, ions are first
introduced into the instrument and transmitted through a set of ion optics which utilize an
alternating radio frequency (RF) to focus the ions to a narrow beam. Tharethen transmitted
through a bent flatapole, which is used to remove neutral species that cannot follow a bent path.
The quadrupole can be utilized as-8Hy for transmitting all ions or as a mass filter for selecting
ions bym/zbefore arriving at ta curved linear trap (@ap). The ions enter the-ttap where they

are collisionally cooled by nitrogen gas before entering the Orbitrap mass analyzer-ehéigi

collisional dissociation (HCD) cell is available for optional fragmentation of ions.

HCD Cell C-trap Quadrupole

Bent

(@ﬁ%ll_l & Flatapole

= —h
I

/:J i_l S-Lens

Orbitrap lon Sourcey

Figure 1.4Instrument configuration for the Q Exactive Plus mass spectrometer (Thermo Fisher

=

=

Scientific).

A ramped voltage is applied to thet@p to direct ions into the Orbitrap. lons of eattz
arrive as ion packets that are approximately millimeters long. lon packets are injected into the
Orbitrap offset from the center to start axial oscillation ardbedentral electrode. The frequency

of the harmonic oscillation is dependent onrtifeof the ions as shown iBquation 1.1



1 (o7 (o Q (1.7
where ¥ 1 s t hekisarinstumentconstapnuhaimage carrewt of ions is detected
by outer electrodes of the Orbitrap. A thidemain transient is recorded and Fourier transformed

to obtain frequency which can then be converted/dby Equation 1.1

1.3 Mass Spectrometry Imaging

Mass spectrometry imaging (MS]) is a technique that gained significant momentum based
on earlier work when Caprioli and colleagues showed the capability of MALDI for imaging in the
late 1990822 In principle, MSI collects a mass spectrum at each X,Y locaifoa sample and
ion images for eacin/zin the mass spectrum are formed by reconstructing each scan to its spatial
location. This allows for molecules to be mapped out based on location and abundance which can
elucidate changes in localization betweealtiy and diseased samples. Spatial distributions can
also help target future studies by depicting regions of tissue most affected by a physiological
change. Pulsed ionization sources are commonly used for MSI experiments because they allow
easy coordinabin between each pulse(s) and collection of spectra at each X,Y location. However,
it is possible to collect portions of tissue at X,Y locations using laser microdissection and analyze
tissue extracts with continuous ionization sources like ESI coupledpiration techniques.
Common ionization sources ustm MSI experiments include MALDI, desorption electrospray
ionization (DESI), secondary ion mass spectrometry (SIMS), aidARDESI.

MSI faces a few additional challenges including ion suppression and pixel variability.
Additional ion suppression effease introduced inherently by direct analysis of samples with no
separation steps prior to mass spectrometry analysis. When samples are ablated infuhtsegas

many neutral species are competing for charge during ionization. Highly abundant specass such



lipids in biological tissues will dominate mass spectra, making it difficult to detect and quantify
low abundant species. To overcome this challenge, tissue washing steps can be employed to
remove high abundant species like lipfdsAnother challenge for MSI experiments is pixel
variability due to factors such as changes in tissue density from pixel to pixel. Various
normalization techniques can be used to reduce variability such as normalizing toltlentota
current, a sum of biological peaks, or to a normalization standard peak typically applied to the
microscope slide prior to cryosectionififDespite these challenges, MSI remains a useful tool in

obtaining spatial idtribution for a variety of molecules and sample types.

1.4 Mass Spectrometry Analysis of Biological
The suffix Aomicso is generally added to ¢
composition, function, and interactions of that disciplim all organisms. It was first coined with
genomics, defining the field as the study of all genes including identification of their structure,
function, and interactions as a function of time, space, and enviroAfrie® mi c s 0 has b«
applied to many other fields including epigenomics, transcriptomics, proteomics, and
metabolomics. These disciplines have revolutionized the identification of disease function and
bi omar ker s. | n a imeny, pnlymeael disciplmenis stedied aé x tpme due to

limitations on instrumentation and technology.

1.4.1 Metabolomics
Metabolites range from small molecules like amino acids and neurotransmitters to lipid
molecules varying in size, polarity, and stuwrell diversity. Metabolomics is the study of both

endogenous and exogenous metabolites which is critical for biological insight into how genotypes
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are affected by external factors such as disease, diet, or environmental sources. The application of
mass spetrometry for metabolite profiling and fingerprinting has been quite useful in drug
discovery and cancer research, in many cases providing biomarkers for early detection and
diagnosis of diseag@?®Mass spectrometry is a useful analytical tool for metabolomics due to its

high sensitivity, selectivity and abilities for high throughput analysis.

1.4.2 Proteomics

Proteomics has been instrumentalhia study and discovery of biomarkers for biological
disease$”? This field of study involves the identification and quantification of proteins in an
organism under various physiological states as well as understanding the biological function of
each protein. Proteins are macromolecules composed of amino acitit &by ribosome. There
are 20 amino acids that can be incorporated into proteins and vary in hydrophobicity, acidity, and
aromaticity. Small oligomers of amino acids are called peptides and are generally less than 5 kDa
in weight. Proteins are importaiatstudy as they play key roles in biology including transportation
of molecule?’, transmission of signa¥s and providing structural support for céfls

Most proteomic workflows use liquid chromatographgss spectrometry (L®IS/MS)
with bottomup or topdown proteomic strategies. T-@mwn proteomics is the analysis of intact
proteins with LGMS which is generally preferred if pesainslational modifications or isoforms
are being characterized. However, these analyses are typically limited by the dynamic range of
available instrumentation as they must be capable of measurodglkirsized molecules.
Bottomup proteomics involves the measurement of peptides rather than intact proteins and is
considered the workhorse of the proteomics field. Enzymatically cleaved peptides are separated,

measured, and fragmented by-MS/MS as aepresentation of the proteins in the sampigure
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1.5). Trypsin is the most common enzyme used, which cleaves proteins at the carboxyl group of
arginine and lysine residues.

Liquid chromatography is used to separate peptides based on their affittigy $tationary
phase of the column (typically nonpolar C18) over the course d8ddur gradient of organic
and aqueous mobile phases. Analytes elute from the column at separate time points and enter the
mass spectrometer for analysis where fragmemtéitie., MS/MS) of the analytes is performed to
gain structural specific spectra. Common workflows utilize -daf@endent acquisition (DDA)
where the most abundant multiptharged peaks (assumed to be peptides) in each spectrum are
fragmented. Using advaad proteomics software (e.g., Proteome Discoverer, Mascot), both the
precursor and fragmentation spectra are used to identify the potential peptide sequences based on
predicted fragmentation patterns of peptides. In betipnproteomics, the peptides aearched
across a protein sequence database specific to the organism of interest to associate measured

peptides to the most likely proteins.

Figure 1.5 Bottomup proteomics approach where proteins are digested into peptides and
fragmented by MS/MS for structural elucidation.

1.4.3 Glycomics
Glycosylation represents one of the most common-fpasslational modification in
proteins contributing to manyoles in signal transductid®) enzyme activity’, and tumor

progressiofr3®. Glycomics is the study of all sugars (i.e. carbohydrates, monosaccharides)
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including the identification and quantification of free or complex glycan structures under multiple
physiological states. Glycans are extremely complex polysaccharides posing many analytical
challenges. Examples of common monosaccharide units and their symbol nomenclatures are found
in Figure 1.6A. Each shape represents a unique chemical formula wherenbmosaccharides

having the same shape, but different colors are isomeric structures. This isomeric complexity along
with the unique ring conformations and linkages between monosaccharides contribute to the
complex nature of glycans.

There are two mainl@sses of glycandd- andO-linked glycansO-linked glycans link to
proteins via serine and threonine residues and have many different types of core structures (i.e.
specific linkage between glycan and protein residue). As a result, noamgiae canféectively
cleave allO-linked glycans in a single step. This limits the ability to discover and elucidate
glycomic characteristics in biological diseasBslinked glycans link to proteins through the
asparagine residues with aNS/T motif where X caibe any amino acid except prolirfedure
1.6B). N-linked glycans are also characterized by a core structure of three mannose &hd two
acetylglucosamines allowing for one enzyme to efficiently cleave all glycans in a single step.
PeptideN-glycosidase F (RGase F) cleavas-linked glycans at the nitrogen atom of asparagine
creating an amine group at the reducing end which is subsequently hydrolyzed to an alcohol group.
More than 70% of proteins contain theXNS/T motif required foN-linked glycosylatiod” and
as such have been a hufgeus in glycomics due to its role in tumor progression and cancer

biology 3536
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A) B)

Monosaccharide MI Mass

Fucose 146.0579

Galactose 162.0528 .
Enzymatic

Mannose 162.0528 Common Core Removal of

Structure of N-Linked Glycans

N-Acetylglucosamine 203.0794 N-Linked Glycans

N-Acetylgalactosamine 203.0794

¢ B OO p»

N-Acetylneuraminic Acid 291.0594

Figure 1.6 A) Common monosaccharide unitsNrlinked glycans found in mammalian systems
and their symbol nomenclatuf®) Common core structure dflinked glycans and their specific

linkage to proteins.

1.5 ResearclSynopsis

This dissertation describes the development of new methodologies and analytical
workflows to deeply investigate biological applications by infrared masbisted laser
desorption electrospray ionization (NMALDESI) mass spectrometry imaging (VySChapter 2
describes the direct analysis of underivatized neurotransmitters in rat placenta after exposure to
flame retardants. A handful of neurotransmitters were less abundant in placentas exposed to flame
retardants and we found that these downregdlaeurotransmitters shared the same enzyme
responsible for metabolism, aromatiamino acid decarboxylase, suggesting a mechanistic role.

Chapter 3 details the creation of a multimodal MSI approach. The analysis of adjacent
tissue sections of rat braifor metabolomic and proteomic imaging by-MRALDESI and
nanoPOTS LEMS/MS revealed complementary molecular profiles distinguishing the corpus
collosum against other sampled regions of the brain. A multiomic pathway integration showed a
strong correlatiobetween the two datasets when comparing average abundances of metabolites

and corresponding enzymes in each brain region.
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Glycans are complex molecules that pose analytical challenges due to their isomeric
compositions, labile character, and ionizatiorfgnences. IrChapter 4, nativeN-linked glycans
produced by enzymatic cleavage (via PNGase F) of bovine fetuin were analyzed directly by IR
MALDESI in both positive and negative ionization mode. A significant increase in the amount of
underivatized glycansvere detected by HRIALDESI compared to other ionization sources.
Importantly, allN-linked glycans detected contained at least one sialic acid residue, which are
known to be labileChapter 5 demonstrates the first analysisNinked glycans in situ byR-
MALDESI MSI. Formalinfixed paraffinrembedded (FFPE) human prostate tissue was analyzed
in negative ionization mode after tissue washing, antigen retrieval, and pneumatic application of
PNGase F for enzymatic digestion Mflinked glycans. 53\-linked glycans were confidently
identified in the prostate sample where more than 60% contained labile sialic acid residues.

Appendices AD contain supplemental information for each individual chapgependix
E details preliminary work on the analysisinked glycans digested from pasibrtem human
brain tissue wit Wppehdixzkdetails erelimisary dvorls enattse euse of

sequential paired covariance for improved ion images MSI datasets.
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Chapter 2: Analysis of Neurotransmitters in Rat Placenta Exposed to Flame Retardants
using IR-MALDESI Mass Spectrometry Imaging

Reused with permission from: Pace, C.L., Horman, H., Patisaul, H., MuddimanAiafgtical

and Bioanalytical Chemistr202Q 412 37453752. Copyright © 2020, Spring&erlag GmbH

Germany, part of Springer Nature

2.1 Introduction

Mass spectrometry imagg (MSI) is a useful tool for visualizing multiple spatial
distributions of molecules in biological tissues simultaneot’$MSI allows for spatial mapping
on a micrometer scaleand when using high mass measurement and spectral accuracy, high
specificity can be achieved. Matrassisted laser desorption ionization (MALDI) is the most
common MSI ionization sourcayhich has expanded the field in various applications for the
analysis of metabolites, lipids, glycans, and protgidghile the MSI community has made
significant progress with MALDI, there are inherent disadvantages to the technique that are
problemaic for small metabolites such as neurotransmitters. The biggest challenge for MALDI
MSI is interference of the organic matrix in the mass spectra. The matrix creates a significant
amount of clusters in the low mass range which dominate and overlap wigrsmall metabolites
such as neurotransmitters. For this reason, detection of neurotransmitters by -M&ILDhs
historically been limited to very few identificatiofs.

The current sltion for neurotransmitter analysis by MALIDSI is the use of chemical
derivatization. In this method, neurotransmitters are chemically tagged to increasi dh¢he
neurotransmitter above the mass range containing organic matrix clusters. Thiguedias

helped to significantly increase the number of identifications in biological tissue imaging to 35

21



neurotransmitters and metaboliféd/hile chemical derivatization has allowed MALMSI the

ability to detect many neurotransmitters, additional sample preparation steps that consume more
time and resources are not desirable. Chemiealatization methods are typically functional
group specific which limits the amount of neurotransmitter coverage obtained by a single
experiment. For example, Shariatgorji et al. tagged neurotransmitters with pyrylium salts which
specifically targets pmary aminesg Neurotransmitters such as acetylcholine do not contain a
primary amine functionaggroup and is therefore not modified by the chemical derivatization
method. Additionally, chemical modifications on tissue samples is challenging with unknown
reaction efficiency which increases the variability of the measurements.

Infrared matrixassistd laser desorption electrospray ionization-fRLDESI) is an
ambient ionization source combining MALDI and electrospray ionization techrfidues.
Introduced in 2006, IMALDESI has been developed for metabolomic and lipidomic analysis
for an assortment of sample types including ligtfigsants?, and biological tissué$ In a typical
experiment, samples are placed on a cooled translational stage in a hgondlitfied enclosure.
A mid-IR laser at 2.94 um is used to ablate sample material intplygse neutral species which
are then posibnized by an orthogml electrospray plume. Due to the IR absorption of water, IR
MALDESI utilizes an ice matrix to facilitate enhanced desorption to theplase with no
interference in the mass spectréih? This is directly advantageous for the analysis of
neurotransmitters and metabolites where other techniques relgeimgcal derivatization to avoid
interference from matrisignals®’ Neurotransmitter imaging by HRIALDESI has previously
been demonstrated in rat brain without the use of chemical derivatiZation.

In this study, we sought to spatially examine neurotransmitter and metabolite distributions

by IR-MALDESI-MSI in rat placenta with the hypothesis that they would be largely confined to
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specific structures. The placenta is a vital but ephemeral orgatoged during pregnancy to
deliver nutrients and facilitate gas exchange between mother and fetus. A complex organ with
multiple layers and cell types, the structure and function of the placenta changes dramatically
across gestation. Disruption of thisnsformation and, consequently, placental function could
result in poor fetal development and/or disease development later in life. It has been shown, for
example, that flame retardants such as Firemaster® 550 (FM550) can disrupt placental production
of neurotransmitters such as serotonin, which are critical to support fetal brain develdpthent.
Additionally, in rats, placental FM550 levels exceed fetal and maternal serum levels,
demonstrating that the placenta receives the greatest exptshus, the full FM550 mixture and
its brominated components were used for the present study. Given that human exposure to flame
retardants and other purported chemical toxicants is nearly ubiquitous, it is of high interest to
develop tools for investigating how anthropogenic chemicals affeltigical processes such as
neurotransmitter production in the placenta, at a cellular level.

Herein, IRMALDESI was used to identify neurotransmitters in rat placental tissue.
Neurotransmitters and their relatewtabolites were putatively identified int ralacenta using
mass and spectral accurdéyn this preliminary investigation, FMALDESI-MSI was used to
interrogate the effect of exposure to flame retardants on placental neurotransmitters. Changes in
spatial localization and normalized abundance were observed and interrogated by metabolic
pathway aalysis to investigate the potential source of biochemical change in placental tissues
exposed to flame retardants. Our results indicatdMARRDESI is a useful approach for

neurotransmitter imaging which does not require chemical derivatization.
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2.2 Materials and Methods

Optima LC/MS grade methanol and water were purchased from Fisher Scientific
(Hampton, NH, USA). Formic acid was purchased from Sigiadaich (St. Louis, MO, USA).
Firemaster® 550 (FM550) and Firemaster®-BZ (BZ-54) were obtained from Gae Lakes
Chemical (West Lafayette, IN, USA) via Heather Stapleton at Duke University. All chemicals
were used without any purification. Nitrogen gas used for purging sample enclosure was obtained
from Arc3 Gases (Raleigh, NC, USA).

Time pregnant Wistar tawere obtained from Charles River Laboratories (Raleigh, NC,
USA) and orally dosed with one of the two flame retardant mixtures from gestatios&Gdg)
8 to 18. FM550 contains a mixture of isopropylated phenyl phosphates and brominated flame
retardats and BZ54 contains only the brominated flame retardants. The doses used far exceed
typical human exposures but were selected to maximize the potential to detect them in placental
tissues. Flame retardants were diluted in sesame oil and given orallyamilla wafer in
concentrations of 100 pL of sesame oil (control), 10 mg of FM550 (low FM550), or 100 mg of
BZ-54 (BZ-54) daily. There were 2 control dams, 2 low FM550 dams, and-88Bdams. All
were sacrificedt hafter the last dose. An additional daeceived the same daily exposure as the
low FM550 dosing group but received an additional dbkéefore sacrifice and is distinguished
separately as the high FM550 dosing group. At GD 18, dams were sacrificed,\aapb@xiation
and rapid decapitation. Tissues were flash frozen on powdered dry ice, wrapped in foil, and stored
ati  80until time of analysis. From each dam, one pup per sex (confirmed using PCR as
previously described) was randomly chosen for analgsd placenta tissues from each pup were
sectioned and analyzed with-NRALDESI.?° One of the BZ54 exposure groups (both a male and

female placenta) was removed from data analysis because of technical error during measurement.
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Whole rat placentas were cryosectioned (Leica CM1950 crysotasl8@fove, IL, USA)
immediately before analysis. Placentas were mounted on a sample disc with embedding material
(Fisher Scientific, Fair Lawn, NJ, USA) and sectioned at a thickness of 20 udb&C. Tissue
sections were thamounted onto glass slidesich placed on a Peltieooled XY stage in a
humidity-controlled enclosure for the entire experiment. A thin ice layer was formed by controlled
exposure to ambient humidity. A miR laser (IROpolette 2731, Opotek, Carlsbad, CA, USA)
operating at a wavelgth of 2.94 um was used for laser ablation at 1 laser pulse per voxel with an
energy of 1.3 mJ per shot. Spatial resolution was set to be 150 um, slightly larger than the spot
size of the laser. The electrospray solvent was prepared daily and consi8d ofethanol in
water containing 0.1% formic acid. Stable electrospray was achieved with a flow rate of 1 pL/min.

IR-MALDESI was coupled to a Q Exactive Plus (Thermo Fisher Scientific, Bremen,
Germany) set to a mass resolving power of 1400@Watm/z200. Automatic gain control (AGC)
was turned off and a fixed injection time of 25 ms was used. The mass spectrometer was operated
in positive ionization mode at an ESI voltage of 3.6 kV with a mass range D40®@M/z for
neurotransmitter analysis. Polysiime atm/z371.1012 and diisooctyl phthalaternatz391.2843
were used as lock masses for internal calibration to obtain high mass measurement accuracy.

XCalibur RAW data files were converted to mzML files using MSConRVvertd then to
imzML files using imzMLconvertéf. All ion images were generated and analyzed using
MSiReader, an opesource MATLAB software for imaging analyss?* lon images were
normalized to a biological total ion current (TIC) to account for irdad intraday variability?®
The biological TIC normalization was selected over the traditional normalization to TIC to remove
the dependency of highgbundant ambient background ions in the TIC. The biological TIC was

formed by summing the abundance of biological peaks in each Biodbgical peaks that were
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2x more abundant on tissue than backgrounat teast 80% present in tissue and less than 20%
present in background were found using the MSiPeakfinder tool in MSiReader. A total of 10
biological ions from the peak picking ligtat had a homogeneous distribution in the control tissues
and similar abundance were chosen for the biological TIC normalization. Finally, KEGG

metabolic pathways were used to analyze metabolic changes in neurotrandtfiters.

2.3 Results and Discussion

The detection of neurotransmitters and the effect of flame retamdgisure on
biomolecules in rat placenta were the focus of this study. A placental section from the female
control group was first investigated to achieve confident identification of neurotransmitters
without chemical derivatization steps. The spatialrifistions of the detected neurotransmitters
were then analyzed and compared to anatomically matched placental sections from the exposed
animals. We focused on three main placental regions as outlinégure 2.1 the maternal
portion (mesometrium), tropispongium, and fetal region (labyrinth zone). While all regions are
important for the production and transportation of nutrients needed for brain and fetal
development, the trophospongium is the primary source of placental neurotransmitters for the

developng fetus.
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Figure 2.1 Optical image of the rat placenta depicting the maternal, trophospongium, and fetal

regions.

2.3.1 Detection of Neurotransmitters using Accurate Mass and Spectral Accuracy
Neurotransmitters were detected and identified in placenta sections using mass and spectral
accuracy obtained through high resolution accurate mass (HRAM) mass spectrometry. IR
MALDESI detected a total of 49 common neurotransmitters and related metalmoilasenta
tissue from the female control groupigure 2.2 depicts the mass spectra of four of the
neurotransmitters putatively identified. Each molecule was detected with less than 2.5 ppm mass
measurement accuracy (MMA). The isotopic distributionseveatculated using reported isotopic
abundance for each element and used to further confirm the identification of the
neurotransmitter® Each of the four neurotransmitters shown closely match the theoretical
isotopic distributions depicted/lihe red circles ifrigure 2.2 It is important to note that the ion
counts of these molecules are below the recommended thresholds to obtain identifications through
spectral accuracy aloAgA list of all neurotransmitters detected as well as mass spectra for each

metabolite can be found Appendix A (Table A.1 andFigure A.1).
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Figure22F o ur e x aeunptramssiitteosfputatively identified with accurate mass (<2.5 ppm
MMA) and spectral accuracy in placenta tissue from the female control group. Red circles
represent theoretical isotopicstribution, grey lines represent the background mass spectra, and
colored lines represent experimental isotopic distribution for each respective molecule. Azoomed
in mass spectra is shown for the A+1 peak of dopamine to indicate that baseline resolution

achieved for each peak of interest.

The high number of neurotransmitters and metabolites detected-RMWIRDESI MSI
without chemical derivatization represents a critical technical advancement for the neuroendocrine
and toxicological communities. Prewis imaging of neurotransmitters and relatestabolites
have only reported the detection of approximately 10 or less neurotransmitters in a single

experiment Table 2.1). Shariatgorji et al. detected 35 neurotransmitters and metabolites by
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tagging phenoland primary amines with -Buoro-1-methylpyridinium catiorf. This was a
significant achievement for MALBMSI; however, our method demonstrates that chemical
derivatization can be avoided for imaging analysis of neurotransmitters. Due to the absence of
matrix interference peaks in {IRALDESI, this method is much me suitable than related MSI

techniques for neurotransmitter imaging.

Table 2.1 Summary of neurotransmitter and relateetabolite detection in a single experiment by

common MSI ionization techniques. The number of neurotransmitters reported in column 1

reflects only molecules that are neurotransmittated.

Metabolites  Sample MSI Platform Identification Chemical Reference
Detected Type Method Derivatization
5 Standards MALDI Mass No 4
TOF/TOF Accuracy
5 Rat Brain MALDI MassAccuracy No 5
LTQ Orbitrap
XL
9 Rat Brain MALDI Mass Accuracy Yesi 7
FT-ICR Primary
amines
12 Crab Brain MALDI Mass Accuracy No 5
LTQ Orbitrap
XL
16 Rat Brain | IR-MALDESI | Mass Accuracy No 15
Q Exactive Plus
35 Rat Brain MALDI Mass Yes- Phenol 6
FT-ICR Accuracy and
primary
amines
49 Rat IR-MALDESI Spectral No This Work
Placenta | Q Exactive Plus  Accuracy
Mass Accuracy

IMS/MS was performed on select molecules in these studies.
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2.3.2 Spatial Distributions of Neurotransmitters

After confident detection of neurotransmitters in placenta tissue by mass and spectral
accuracy, spatial distributions were investigated using tARIARDESI MSI platform on all
exposure groups. Visual inspection revealed that the majority of neurotr@nsmitad
homogenous distributions within the placenta and these distributions were largely unaffected by
exposure to flame retardants in either sex. At
the molecules appeared to be more abundant inemienrthan the rest of the tissue. For a few
neurotransmitters, there were instances where this rsgiecific abundance appeared to be
impacted by flame retardant exposure. Overall, the results demonstrate that our approach has the
potential to identifyregionspecific differences in neurotransmitter levels in a complex organ.

To demonstrate the diversity of spatial distributions for neurotransmitters in placenta
tissue, four representative neurotransmitters are showhigare 2.3 The distribution of
norepinephrine was mostly homogenous, regardless of sex or exposure. Dopamine, by contrast, is
one of the neurotransmitters that exhibited regipecific abundance in placenta tissue. In both
sexes, dopamine appeared to be elevated in the trophosponglumatarnal region of the low
FM550 exposure group. This phenomenon was not observed in tHel BXposure group,
suggesting that it may be the organophosphates in the FM 550 mixture driving this effect. In the
high FM550 exposure group (which received stnsedose2 hbefore sacrifice), dopamine appears
to be lower compared to controls. This may suggest that dopamine levels are initially reduced
following exposure and then recover and heighten to overcome this deficit. These phenomena
demonstrate how thevel of spatial resolution obtained via this unique approach could contribute
vital toxicological information for future interrogation that would have been difficult to observe

via other methods.
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Figure 2.3 Spatial distributions of neurotransmitterspiacenta tissue as a function of exposure.

All four of these neurotransmitters are localized across the whole placenta. While dopamine and
norepinephrine appear to be unaffected by exposure levels, serotonin and tyramine have lower
normalized abundance the BZ54 and high FM550 exposure groups compavitd the control

group. The B454, high FM550, low FM550, and control exposure groups received a total of 1000
mg BZ-54, 110 mg FM550, 100 mg FM550, and 0 mg FM550, respectively. Dotted white line is

used o separate B5A4 from FM550 exposed tissues.

Serotonin and tyramine had similar distribution pattéfngure 2.3). By visual inspection,
these molecules had relatively homogenous spatial distributions in both sexes of the control
tissues. Both neurotransmitters appeared to decrease in abundance with increasing FM550
exposure to flame retardants, particularly on #talfside. This phenomenon was also apparent in

the BZ54 group suggesting that the brominated components of the FM550 mixture are driving
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this effect. In averaging the abundance on whole tissue sections, the control group had higher
normalized abundancef gerotonin and tyramine compar@dth the high FM550 and B54
exposure groups. Other neurotransmitters with a similar pattern of regional distribution and
exposurerelated decreases include phenethylamine, synephrine, and tryptamine. Clustered bar
graphsrepresenting the average abundance of neurotransmitter in each tissue can be found in

Appendix A (Figure A.2).

2.3.3 Pathway Analysis of Neurotransmitters

Metabolic pathways were investigated to identify a possible mode of action for the
potentially alteed neurotransmitter distributions. The precursors, metabolites, and enzymes for
each neurotransmitter were considered using KEGG pathway databssgu®mnorvegicus®?’
One neurotransmitter of interest was tryptamine, which is formed form the metabolism of
tryptophan and its ion image metabolic pathways is showkigare 2.4 Tryptophan and its
metabolites were spatially distributed across the whole placenta sectioappedred to be
increased in the maternal region in the low FM550 exposure group. In contrast, tryptamine
appeared to be decreased in abundance across the whole tissue by exposure to flame retardants.
This pattern continued further down the tryptamine bwta pathway, where N
methyltryptamine also decreased in abundance in th&8and high FM550 exposure groups.
This could be due to there being less tryptamine to produtetiyltryptamine. The change in
abundance is likely originating from the disrupt@etabolism of tryptophan, which is consistent
with prior reports using other approach&8ther metabolites of tryptophan were investigated and

did not have a decreasing trend in abundantbefohan the slight change irh§ydroxytryptophan,
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Figure A.3). This suggests the hypothesis that the enzymatic activity-tofjptophan and

aromaticL-aminoacid decarboxylasemay be hindered by exposure to flame retardants.
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E 52 -
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Figure 2.4 lon imagemetabolic pathway of tryptamine. Tryptamine is produced from tryptophan
which has homogenous distributions across exposure groups. In the metabolism of tryptophan, the
control tissues produce more tryptamine comparigd the higher dosed tissues. Thisizates a
disruption in the metabolism of tryptophan to tryptamine. Other metabolites (blue) and their
respective enzymes (black) involved in this pathway are shown on the right. Thé, Bitjh

FM550, low FM550, and control exposure groups received adbtlD00 mg BZ54, 110 mg

FM550, 100 mg FM550, and 0 mg FM550, respectively. Dotted white line is used to separate BZ
54 from FM550 exposed tissues.

The neurotransmitter phenethylamine also appeared to be decreased in abundance with
increased exposure tdlame retardants. By contrast, phenylalanine which produces
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phenethylamineKigure 2.5, had an interesting distribution with some evidence of heightened
levels in the maternal region in some exposed animals. Heightened maternal phenylalanine levels
impair fetal growttt® and could be indicative of impaired amino acid trari&f@he difference
between phenylalanine and phenethylamine indicates a possible change in the metabolic process.
Interestingly, the enzyme that converts phenylalanine to phenethylamanenaticL-aminc

acid decarboxylasghe same enzyme responsible for production ofampte Figure 2.4). The
observation that both neurotransmitters exhibiting expesiated effects, produced from
separate starting materials via tte@meenzyme enhances confidence that disrupted activity of

this key enzyme may be crucial to the modadaifon, warranting further interrogation.
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Figure 25 Phenylalanine metabolic pathway depicting the production and metabolism of

phenethylamine. Phenylalanine is more abundant in the maternal region of the placenta but does
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not have a dosing group effect. Phenethylamine decreases in abundance with inexpasiag

to flame retardants. This implies that the reaction to form phenethylamine is impaired when
exposed to flame retardants. Other metabolites (blue) and their respective enzymes (black)
involved in this pathway are shown on the right. The®ZhighFM550, low FM550, and control
exposure groups received a total of 1000 mg38Z110 mg FM550, 100 mg FM550, and 0 mg
FM550, respectively. Dotted white line is used to separatéB#om FM550 exposed tissues.

2.4 Conclusions

This study indicates thaRIMALDESI is a highly effective technique for regi@pecific
neurotransmitter imaging in rat placenta. For MSI of biological tissues, deep untargeted
metabolomic analysis in the low mass range is crucial in understanding neurological systems. This
methodpresents the capability of deep neurotransmitter and metabolite coverage not previously
achieved in a single imaging experiment without chemical derivatizatieMARDESI detected
49 neurotransmitters and metabolites in their native form (i.e., witheutichl derivatization) in
untreated rat placental sections after gestational exposure to flame retardants. A few
neurotransmitters appeared to have been impacted by exposure to one or both flame retardant
mixtures. This demonstrates the power and potenfidhis approach for generating testable
hypotheses about mode of action and regioecific vulnerability; both of which can be followed

up by more targeted approaches.
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Chapter 3: Multimodal Mass Spectrometry Imaging of Rat BrainUsing IR-MALDESI and
NanoPOTSLC-MS/MS
Reused with permission frorRace, C.L.Simmons, J.Kelly, R.T., Muddiman, D.CJournal of

ProteomeRe®arch 2021, In PressCopyright © 2020American Chemical Society

3.1 Introduction

Spatial distributions of biomolecules within tissues enable changes in expression to be
visualized betweerealthy and diseased regions of interest within two or itireensional
specimens'* Mass spectrometry imaging (MSI) is an invaluable tool for obtaining these spatial
distributions of biomtecules while still gaining a considerable amount of molecular depth.
Existing MSI platforms have explored a variety of fields such as metabolomics, lipidomics,
glycomics, and proteomi¢sHo we v e r in a typical i cssnofc s O
biomolecules is studied at a time due to limitations on instrumentation and technology. For
example, Pang and -eworkers recently demonstrated the use of ambient air-dissisted
desorption electrospray ionization MSI to deeply profile polar metab@nd map their metabolic
network in sagittal rat brain tissugBicorporating multiomic approachago a single experiment
allows more opportunity for discovering diseastated correlations.

Multimodal imaging combines multiple imaging platforms to gain the maximum amount
of molecular spatial information about a sampleis very common for MSI techniques to use
molecular histology to correlate histological regions of interests with ion images obtained by MSI
experiment$! 1° Multimodal MSI specifically combines two or more MSI techniques, which is
important as singular MSI experiments are typically limited to specific classes of biomolecules

(e.g., lipids, metabolites) due to the selective extraction, purification, andtionib&d molecules
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under a given set of conditions for in situ analyses. Proteomic analyses are challenging for most
MSI techniques due to significant matrix suppression and a lack of sensitivity for low abundant
proteins. Most established MSI approachgscgily identify only hundreds of proteins/peptides
during an imaging experimeht!? This low coverage compared to typical IMS/MS studies
limits the scope of biological questions that may be answerédiSd. Therefore, there is a great
need for improvement in proteomic imaging techniques.

Infrared matrixassisted laser desorption electrospray ionizatiorMAR.DESI) is a
hybrid ambient ionization platform created in 2006 that combines two widely uiteéoispation
techniques, MALDI and ES# ° IR-MALDESI utilizes an IR laser to ablate neutral species from
a biological specimen into the gphase which are bgequentlypostionizedby an orthogonal
electrospray plume. Prior to IR ablation, a thin ice layer is applied to the sample by controlled
exposure to humidity, creating both an endogenous and exogenous ice matrix. This facilitates
enhanced desorption die the-OH stretching band found in water at the wavelength of the IR
laser (2.94 um). The ice matrix is particularly advantageous compared to chemical matrices
utilized by other imaging platforms, as it does not produce matrix interference effects that
significantly interfere with the smath/zrange. This is a key advantage over metabolomic analyses
in which additional processing steps (e.g., chemical derivatization) may be required to overcome
matrix interference effects caused by chemical matricesdier @0 detect small metabolites such
as neurotransmittet§’ As such, IRMALDESI has been quite useful in the analysis of
metabolomics and lipidomics for a wide variety ofhgée types-"1°

Nanodroplet processing in one pot for trace samples (nanoPGF 8Yyecently developed
ultrasensitive sample processing workflow, which when combined with laser capture

microdissection (LCM), enables-otepth spatially resolved proteome profifhé& and proteome
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imaging® with high spatial resolution. This technique reduces sample losses and increases
digestion efficiency by use of a opet workflow within nanoliter volumes. Combined with high
sensitivity LGMS, nanoPOTS enables-depth profiling of small samples including single
cells?425Protein imaging by nanoPOTS first utilizes LCM to isolate and collect tissue regions of
interest. Tisge regions are then transferred to nanowells where all preparation steps are completed
prior to analysis. A bottomp proteomics approach is typically employed, and proteins contained
in the sample are enzymatically digested within the nanodroplet. Thielgsepre then collected
and introduced to L@AS/MS platforms for analysis. The nanoPOTS imaging workflow is a
current leader in the field for obtaining the deepest identification coverage for protein imaging data
sets?®

Here we propose the design of a multimod/S| study in order to obtain spatial
distributions of metabolites and proteins in adjacent sections of rat brain tissue. A multimodal MSI
workflow will be accomplished using HRIALDESI for metabolomic imaging with
complementary proteomic imaging by nR@TSLC-MS/MS. Each dataet will be analyzed
separately in order to gain maximum molecular coverage from each platform and then integrated

together by a multiomic pathway analysis.

3.2 Materials and Methods
3.2.1 Cryosectioning

Rat brain tissue was praled by NCSU Department of Biological Sciences and
experiments were performed in accordance with NCSU IACUC. Brain tissue was acquired from
Wistar rats followingCO» asphyxiation and rapid decapitation. Harvested tissue was flash frozen

on powdered dry ice, wrapped in foil, and store@@fC until the time of analysis. Rat brain was
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mounted onto a specimen disc with optimal cutting temperature medium and crywskobia
thickness of 12 um. Adjacent tissue sections were-mawnted onto glass microscope slides and
PEN-membrane slides for RIALDESI and nanoPOTS analysis, respectively. Sectioned tissue
for IR-MALDESI was analyzed immediately and tissue for nano8Qihalysis was sent to

Brigham Young University overnight on dry ice.

3.2.2 Metabolomic Mass Spectrometry Imaging

IR-MALDESI Analysis.Sectioned brain tissue for {IRALDESI analysis was placed
directly on the Peltiecooled translational stage inside gample enclosure purged with nitrogen
gas (Arc3 Gases, Raleigh, NC, USA) and a thin ice layer was formed by controlled exposure to
humidity. An electrospray ionization source was achieved with 50% optimdMEQrade
methanol (Fisher Scientific Hampton, NHSA) and 0.2% formic acid (Sigr#sdrich, St. Louis,
MO, USA) solution at a flow rate of 1.5 uL/min and spray voltage of 4000 V. AlRiithser
Opolette 2731/3034 (Opotek, Carlsbad, CA, USA) operating at 2.94 um was used for laser ablation
at 1.1 mJ pevoxel with a spatial resolution set to 150 um:MALDESI was coupled to a Q
Exactive Plus mass spectrometer (Thermo Fisher Scientific, Breman, Germany) for high resolution
accurate mass spectrometry ag¢solving power of 1400@@m at 200m/z Automaticgain control
(AGC) was disabled and a fixed injection time of 25 ms was set to synchronize the laser ablation
event with collection of ions in the-Eap. External lock masses (157.088&and 371.10121/2
were used for high mass accuracy.

Data Analysidor IR-MALDESI. Thermo .RAW data files were converted to mzML files
using MSConveff and then to imzML files usingmzMLconvertef’. All ion images were

generaéd and analyzed using MSiReader, an egpmmwce MATLAB software for imaging
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analyse€®2°The MSilmage tool in MSiReader was used to overlay the optical image taken after
microdissection on the nanoPOTS brain section. With the optical image overlaid on-the IR
MALDESI data set, regions of interest were selected and saved to match the nan3@disd
regions. The MSiPeakfinder tool was used to find ions that #@#«eraore abundant in one ROI or

at least 80% present in one ROI and less than 20% present in other ROIs. These ions were then
manually searched against HMBB? and METLIN®* databases for putative identifications based

on mass and spectral accuracy. Additionally, the data was uploaded into METASPACE, &n onlin
MSI annotation software, to annotate metabolites and lipids based on spectral accuracy, spatial
informativeness, and spatially correlated isotopes at a 20% false discovery rate using HMDB,

LipidMaps, and SwissLipids databases.

3.2.3 Spatially Resolved Proteome Profiling.
Tissue Stiming and MicrodissectionTissue fixative solution (70% ethanol) was precooled
to 4 °C before use. The brain tissue section was immediately immersed into 70% ethanol for 15 s
after removal from the 180 AC fr eckizdeionizedr dry
water and i mmersed i n May-Aldridhs St.haisdEA) fony203, n s o |
di pped in deionized water to remove excess d\
Substitute (Sigm&ldrich) for 10 s to dye the tissue sen. Following a wash in 70% ethanol,
the tissue was immersed in eosin Y solution for 5 s. Finally, tissue dehydration was performed by
sequentially immersing the tissue section in 95% ethanol three times followed by two rapid rinses
in 100% ethanol. Theection was dried infu me hood for 10 min and sto
Nanowell chips were fabricated in house as described previdiBBfore experiments,

nanowells were prepopulated with 200 nL DMSO droplets that served as capture Flddisar.
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capture microdissection (LCM) was performed on a PALM MicroBeam system (Carl Zeiss

Microlmaging, Munich, Germany). A slide adapter (SlideCollector 48, CarsAdisrolmaging)

was used to mount the nanowell chip on the LCM microscope. Five distinct regions of the brain

were extracted via LCM and were composed of the cerebral cortex, caudate putamen, corpus

callosum and septal areaidure 3.1). Four 100 x 100 urtissue voxels were collected from each

region of interest and pooled into nanowells. Cutting was performed using the 5x objective and

with an energy | evel of 60. The ACenter RobolLP

focus level of deltal15wassed to catapult tissue voxels int

function was activated to confirm successful sample collection from tissue sections to DMSO

droplets. The collected sampl €8°Cantluded be proc
Proteanic Sample Processingollowing tissue capture, the nanowell chip was heated to

70 °C for 10 min to evaporate the DMSO droplet. A nanalie=olution robotic liquid handling

platform was employed to dispense reagents into nanowells. First, 100 nL bfstebuffer

containing 0.2% (w/v) ftlodecytb-D-maltoside (Sigmaldrich), 5 mM dithiothreitol in PBS was

deposited into each nanowell. The chip was incubatetD 4C for 1 h for cell lysis, protein

extraction, and denaturation. Next, 50 nL of 30 mMomcktamide in560 mM ammonium

bicarbonate (ABC) buffer (pH 8.0) were added to each well and incubated in the dark for 30 min.

Protein digestion was performed by dispensing 50 nL of 0.01 ng/MCLE4S grade, Promega,

Madison, USA) and trypsin (Promega)ABC buffer, and incubated for 4 and 8 h, respectively.

Finally, the enzymatic reaction was terminated by adding 50 nL of 0.5% trifluoroacetic acid in

aqueous buffer and incubated for 30 min. Samples were then collected into a short length of 200

pm i.d. capillary tubing that was then sealed on both ends with Parafilm and steg&l°a until

use.
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NanoLCGMS/MS AnalysisPrior to separation, the sample was transferred from the storage
capillary to a homgpacked 75 um.d., 5 cmlong SPE column for desaltinby infusing mobile
phase A (MP A; 0.1% formic acid in water) at a flow rate of 1 uL/min for 10 min using an UltiMate
3000 RSLCnano pump (Thermo Fisher). The SPE column was then connected {ooasein
slurry-packed 30 mni.d., 50 cmlong LC column witha zeredeadvolume union (Valco,
Houston, TX). Chromatographic media for both the SPE and LC columns were 3 mm C18 porous
particles having 300 A pores (Phenomenex, Torrance, CA). The LC separation flow rate was ~40
nL/min, which was achieved using a floplitter. A linear 100 min gradient ofi 2% mobile
phase B (MP B; 0.1% formic acid in acetonitrile) was followed by a 20 min gradieni 4522
MP B that was used to elute hydrophobic peptides. The gradient was then ramped to 90% MP B
over 5 min and heldof 5 min to wash the column. Finally, the gradient was ramped to 2% MP B
over 5 min and held for 15 min to-eguilibrate the column. Electrospray ionization was performed
using a 1€ mi.d. chemically etched emitter that was coupled to the separatiomrcalsing a
VICI nanovolume union.

An Orbitrap Exploris 480 (Thermo Fisher) mass spectrometer with the Nanospray Flex ion
source was used. The electrospray voltage was set to 2.0 kV and the temperature of the ion transfer
tube was set to 200 °C. For MShetOrbitrap resolution was set18000@vnm at 200m/zwith
the normalized AGC target of 100%. The maximum injection time was set to 250 ms. Precursor
ions of +2 to +6 charge and having a minimum intensity of 5000 were selected for MS2 analysis.
The exclgion duration was set to 90s, HCD collision energy was 30% and the isolation window
was 1.6. Orbitrap resolution for MS2 wé800Gwnm at 200m/zand maximum injection time was

250 ms.
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Data Analysis for NanoPOTS.hermo .RAW files were searched against Betus
norvegicusUniprot Database using Proteome Discoverer 2.4.0.305. Tryptic peptides with a
minimum length of 6 amino acids and 2 maximum missed cleavage sites were searched using the
Sequest HT algorithm with a precursor mass tolerance of 5 ppm and fragment massdaér
0.02 Da%® Dynamic modifications searched were methionine oxidation and deamidation of
asparagine and glutamine.-tBrminal modifications included acetylation and methionine
loss/acetylation. Static modifications searched included carbamidomethylatioryst&ine

residues. The percolator algorithm with a 1% FDR rate was used to identify false pésitives.

3.2.4 Multiome Pathway Integration

Enzymes in the nanoPOTS data set were searched in KEGG pathway database for the
Rattus norvegicuspecies®3® Reactant and product metabolites were searched against-the IR
MALDESI data set. Pathways in which enzyme, reactant and product metabolites were detected
were investigated for correlatisrbetween each brain region. The correlations between grouped
abundances of enzymes and average abundances of product metabolites in each ROl were

calculated in Excel.

3.3 Results and Discussion

To create a multimodal mass spectrometry imaging techrtigaedjacent rat brain tissue
sections were analyzed by-NALDESI-MSI and nanoPOT&C-MS/MS. Each data set was then
analyzed independently of each other to find unique observations and trends within the data set.
While IR-MALDESI analyzed the entire tige section, nanoPOTS dissected and focused on five

primary regions of the brain to reduce the analytical complexity required for experiments and data
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analysis for our preliminary investigations. The five brain regions analyzed are labeled5ROI 1
for simpicity (Figure 3.1) and comprised of different areas of the cerebral cortex (ROI 1 and 2),
caudate putamen (ROI 3), corpus callosum (ROI 4), and septal area (R@hB}e five regions

were selected in the HIRIALDESI metabolomic data set by using the MSilmage and ROI tools in
MSiReader® The optical image taken after tissue dissection for nanoPOTS analysis was overlaid
on the IRMALDESI data in MSiReader with the MSilmage tool. The ROIs were thrawn

around the dissected regions of the optical image using the ROI tool in MSiReader.

1RO #3

ROI 1 — Cerebral Cortex
ROI 2 — Cerebral Cortex
ROl 3 — Caudate Putamen
ROI 4 — Corpus Callosum
ROI 5 — Septal Area

Fi gB8tCpti cal umragte rfail® ti ssue -membranemsesuntde
nanoROAGMS/ MS analysis with each dbhssected regi

The MSiPeakfinder tool was used to find ions that were significantly different between
regions of the brain. The MBeakfinder tool allows the user to select two regions of interest at
one time, so every combination of the five ROIs (i.e., ROl 1v2, ROI 1v3, ROI 1v4, etc.) was
searched for significant differences. Specifically, ions that were 80% higher in one regiessand
than 20% lower in the reference region or at leastridre abundant were searched with the

MSiPeakfinder tool. A large quantity of ions from all combinations examined (t7ZGalues)
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fit this description but were filtered down via deisotoping amubéation. From the combinations
investigated, three primary spatial patterns were observed, as shown by exarkRjgeseir3.2.

lons were(1) homogepously distributed across the whole brain tissbgyre 3.2A), or (2)
significantly more Figure 3.2B) or (3) significantly lessKigure 3.2C) abundant in ROI 4 (the
corpus callosum). ROI 4 appeared to have the only significant differences in abundance of

metabolites compared to other brain regions.

A Serotonin N-Methylserotonin Heptadecanoyl carnitine
[M+H+]+ =177.1022 [M+H+]+ =191.1179 [M+H+]+ = 414.3577

=y T gt

x10°
155

x10'
614

Glucosylsphingosine Cholesterol Diradylglycerol dO-36:4
[M+H*]* = 462.3425 [M+H*-H,O]* = 369.3519 [M+H*]* = 589.5558

C LysoPE(22:6)
[M+H*-H,0]+ = 508.2824 ...

10°
126

0.00

Figure 3.2 Metabolites detected by IRIALDESI and putatively identified by accurate mass and
spectral accuracy using METASPACE, HMDB, and Metlin databases. Example metabolites
represent ion images wifA) homogemous spatial distributiongB) higher abundance in@® 4

(corpus callosum@and(C) lower abundance in ROI 4 (corpus callosum).

Metabolites found using the MSiPeakfinder tool were then putatively annotated by accurate

mass and spectral accuracy using HMDB and METLIN databases, as well as METASPACE
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annotaibn software. Examples of putative identifications are showsigare 3.2. A total of 326
annotated metabolites were found to have a significant fold change (less than 0.5 or greater than
2) between ROI 4 and another region of the braimble B.1). Of the 326 putatively annotated
metabolites, 58 were significantly lower in ROI 4 while 268 were significantly higher in ROI 4.
Overall, the IRMALDESI metabolomic data shows that ROI 4 (corpus callosum) had significantly
different metabolomic compositions coarpd to other regions of the brain.

On an adjacent tissue section, five brain regions were dissected and analyzed using
nanoPOTY.C-MS/MS for highly sensitive proteomics analysis. Four 100 x 100 um tissue voxels
were dissected by LCM collected from eachlR@d combined in nanowells to create two samples
per brain region. Each nanowell was prepared with a betfwmproteomics workflow and
subsequently analyzed by EMS/MS. Datasets were then uploaded into Proteome Discoverer
2.4 to identify peptides anddh corresponding proteins identified in rat brain ROIs. Annotated
proteins were filtered to produce approximately 1600 high confidence proteins that represented
master proteins with less than 20% CV of grouped abundances and containing a minimum of 2
unique peptidesTable B.2). Proteins identified as contaminants (keratin and trypsin) were also
filtered out of the dataet. Proteins detected in each sample ranged from 1496 to 1637 proteins
(Figure 3.3), which is a significant number of proteins that vallow for comparison of brain

regions and correlate proteomic with metabolomic data.
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Figure 3.3 Number of proteins detected in each sample per ROI of tissue by nandRDTS
MS/MS.

Proteomic differences among rat brain regions were first comparetilizing principal
component analysis (PCAWhich is an unsupervised algorithm that transforms data into main
principal components (PC) that explain the most variance in the dédt&gapire 3.4 represents
the PCA plot that distinguished the analyzed brain ROIs with PC 1 and 2 which accounts for 36.9%
and 20.0% of the variance in the daéd, respectively. It was clear from this plot that ROIs 1, 2,
and 3 were closely clustered together withyanlld separation. ROI 5 was separated from ROI 1,

2, and 3 by differences in PC2 while ROI 4 was clearly separated from all brain ROIs by both PC1
and PC2. This initial data indicated that ROI 4 (corpus callosum) had the most significant

proteomic differaces compared to the other brain ROIs analyzed.
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Figure 3.4 Principal component analysis of proteomic data grouped together by each region of the
brain analyzed by nanoPOILE-MS/MS.

Changes in protein abundances between the five brain ROIsalerecompared. To
visualize these changes, a heatmap of protein abundances was drggateel 3.5). Protein
abundances were scaled by &core transformation, representing the number of standard
deviations from the mean value. Red values representmsdtigjher than the average abundance
while green values represent proteins lower than the average protein abundance. Clear differences
in proteomic makeup were visible between the analyzed brain ROIs. ROI 4 of the brain exhibited
the most differences comgal to the other brain regions. A clear observation of proteins elevated
in ROI 4 relative to other regions is highlightedRigure 3.5 with a dotted white rectangle.
Highlighted with a dotted orange rectangle are clusters of proteins with much lowevérage
abundance in ROI 4 but higher than average abundance in other brain regions. The protein
abundances in the heatmap were also clustered together using hierarchical clustering (clustered by
proteins (left) and by brain region (top)). This clusteramgo distinguishes ROI 4 (corpus
callosum) as clearly different from the other brain regions.
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ROI 5 ROI 3

Figure 3.5 Heatmap of protein abundances in each region hierarchically clustered together by
abundance. Abundances are transformed wits@ore transformatiowhere red values represent
abundances higher than the mean protein abundance and green values represent abundances lower

than the mean protein abundance.

Volcano plots allow easy identification of statistically significant proteins by plotting a
fold change versus {value between two variables for each individual protein. Proteomic
differences between each individual brain region were compared by visualizing volcano plots.
Figure 3.6 shows all volcano plots comparing each ROI against each other in vigndficant

proteins are highlighted by red/green boxes and represent proteins with a significant fold change
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(less than 0.5 or greater than 2) andwalue less than 0.05. Comparison of ROIs excluding ROI

4 (Figure 3.6A-F) revealed a difference of 2B proteins significantly changing between each of
these brain regions. Each sample is likely to have some significant differentially expressed proteins
as these samples represent distinct biological regions of the brain. Interestingly, investigation of
volcarp plots comparing ROI 4 to other regions had strikingly obvious differences in the proteomic
data Figure 3.6G-J). More than 225 proteins were found to be significantly more or less abundant
in ROI 4 compared to the other analyzed regions of the brais.ila % increase in average

number of significant proteins compared between ROI 4 and other analyzed regions of the brain.
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Figure 3.6 Volcano plots of proteins comparing each individual brain region against the other
analyzed regions of the brain. Proteins located in the red/green highlighted boxes represent
proteins with a statistically significant difference between the two regiahste values in the

top left and right corner indicating the amount of proteins in those red#s). Volcano plots
comparing regions not including ROI é5-J) Volcano plots comparing ROI 4 against other
analyzed brain regions show that ROI 4 exhibitsignificant proteomic difference indicated by

the significant increase in the amount of proteins that are significantly higher/lower abundant in

ROI 4 compared to other analyzed regions of the brain.
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The complementary data represented here indicadéa tihultimodal MSI technique with
these two platforms is achievable, so direct correlations between thesetatavere then
investigated to dig deeper into the da&ds. A multiomic pathway integration was achieved by
searching for pathways in KEGG fdretRattus norvegicuspeciedor which both reactant and
product metabolites were detected in theMRLDESI dataset for a particular enzyme detected
by nanoPOTS.C-MS/MS. Figure 3.7 shows an example of this multiomic pathway integration
approach. IRMALD ESFMSI detected dihydrothymine which metabolizes to ureidoisobutyrate
by dihydropyrimindinase (detected by nanoPAQISMS/MS). The metabolites are represented
by ion image heatmaps and the enzyme is represented by a bar graph showing the grouped
abundancé each ROI. The average abundances of ureidoisobutyrate were calculated in each ROI
of the IRMALDESI data and plotted against the grouped abundance of dihydropyrimindinase to
create a correlation plot. With each dptant representing a ROI, this pshhows that these data
sets were strongly correlated with each othe=(R942, r=0.9971). Additional examples of
multiomic integration between HRIALDESI and nanoPOT&C-MS/MS can be found iRigure

B.1
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Figure 3.7. Multiomic pathwayintegration of IRMALDESI and nanoPOT&C-MS/MS. lon

images represent metabolites detected bYMHIR_.DESI in the rat brain and the bar graph
represents the average abundance of the enzyme involved in this metabolism for each brain region
outlined inFigure 3.1. Correlation plot of the grouped abundance of enzyme versus the average

abundance of metabolite in each region shawtrong correlation between the two dzdts.

3.4 Conclusions

A multimodal mass spectrometry imaging approach was created by recoghbdR-
MALDESI for metabolomic analysis with nanoPOTE-MS/MS for proteomic analysis. From
two adjacent 12 um rat brain sections, a significant amount of metabolomic and proteomic
information was detected and utilized to gain the maximum molecular iafemfrom a
biological specimen. These two platforms analyzed individually for separate molecular profiles
revealed complementary information about the molecular profiles in the rat brain. Further

investigation of metabolomic pathway analysis showed higtrelation between the two
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techniques. This work represents preliminary investigations on combining two highly sensitive

techniques for a multimodal mass spectrometry imaging workflow.

3.5 Supporting Information

Additional examples about multiomic intagion Figure B.1); Metabolites putatively
annotated by IRMALDESI with significant fold changes between ROI 4 and other analyzed
regions of the brainT@able B.1.xIsX; Proteins identified in the rat brain by nanoPATSEMS/MS

by Proteome Discoverer 2.4dble B.2.xIsX
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Chapter 4: Direct Analysis of NativeN-Linked Glycans by IR-MALDESI
Reused with permission from: Pace, C.L., Muddiman, Dd@rnal of theAmerican Sogety for
Mass Spectroetry, 202Q 31(8), 17591762. Copyright © 2020, American Society for Mass

Spectrometry

4.1 Introduction

Infrared matrixassisted laser desorption electrospray ionizationAMAR.DESI) is an
ambient ionization sourdbat wasleveloped in 200&ombining laser desorption techniques with
electrospray ionization (ESH? IR-MALDESI fires a midIR laser at sample material, desorbing
neutral species into the gphasewhere they encounter an orthogonal electrospray plume. Neutral
molecules partition into the plume and are posized by charged electrospray dietp. Existing
evidence shows characteristics of the ionization mechanismNMAEDESI thatresemble those
of ESI, making IRMALDESI a soft and versatile ionization sourfcelR-MALDESI has been
demonstrated as an effective technique for the direct analysis of biological tissues for metabolites
and lipids as well as liquid substrates foghithroughput screening of enzyme activity and
biological buffers. A significant opportunity not yet pursed is the use 6MRLDESI for the
analysis oiN-linked glycans.

Glycans are structurally diverse polysaccharides that posy mmaalytical challenges
affecting the detection of diverse coverage in soft ionization techniques such as ESI and matrix
assisted laser desorption ionization (MALDI). The first challenge involves the labile nature of
sialic acid residues, where samplegamation and ionization conditions cause sialic acid residues
to dissociate from glycans. This results in misidentified glycans with reduced sialic acid content.

Existing evidence shows that sialic acid dissociation is more prevalent in MALDI than B, lik
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as a result of large energy transfer from MALDI matrices during proton tr&rigiemy chemical
derivatization reactions exist, such as esterificatioat,attempt to stabilize sialic acid residues.
However these sample preparation methods are-donsuming and havegariable reaction
efficiencies. Another challenge for native glycan analysis is due to the negative charge on the
carboxylic acid in sialic acid, which causes the preference for negative ionixatienea€Sl is
capable of achieving sensitive measureimen negative mode, MALDI platforms primarily
operate in positive mode due to low sensitivity in negative mode, thereby reducing the diversity
of glycans detected by MAL¥IDue to these limitations, an Effe ionization method would be
more ideal foN-linked glycan profiling.

The EStlike characteristics of IMALDESI suggest that it would be a good alternative
to analyzeN-linked glycans due to preservation of sialic acid residues during ionization and the
increased sensitivity of negative mode ionizationMRLDESI is couplel to a highresolution
accurate mass spectrometer which will provide confident glycan identifications by mass and
spectral accuracy. Additionally, #RIALDESI has been coupled with ion mobility for isomer
separation opening up future opportunities for glyaaalyse$.In this study, we report the first
analysis ofN-linked glycans by IRMALDESI. The detection oN-linked glycans digested from
bovine fetuin was compared between positwve negative ionization modesnd putativeN-
linked glycan structures are reported. This work demonstrates the fundamental ioniz&tion of
linked glycans by IRMALDESI with the goal to pursue mass spectrometry imaging of biological

tissues for changes Mrglycosylation.

68



4.2 Methods
4.2.1 Digestion and Preparation oflhhiked Glycans

N-linked glycans were cleaved from bovine fetuin (Sigma Aldrich, St. Louis, MO, USA)
using methods previously describ€drirst, 100 mM ammonium bicarbonate (Acros Organics,
Geel, Belgium) at pH 8.3 was preparsi thedigest bufferNext, 250 ug of boune fetuin was
loaded onto a 10 kDa MWCO filter with 2 uL of 1 M dithiothreitol (Sigma Aldrich, St. Louis,
MO, USA) and 200 uL of digest buffer for incubation at ®& The denatured proteins were
alkylated with 50 pL of 1 M iodoacetamide (Sigma Aldrich, ISiuis, MO, USA) and incubated
at 37°C to prevent rédormation of disulfide bonds. The glycoprotein was concentrated onto the
filter by centrifuging for 40 min. Three washes cycles with 100 pL digest buffer anair20f
centrifugation were complete@ne thousandinits of PNGase F (Bulldog Bio, Portsmouth, NH,
USA) were added to the filter to cleaMdinked glycans from the protein and incubated overnight
at 37°C for 18 h. Glycans were eluted by centrifugation for 20 min followed by three wash cycles
as previously described. Samples were incubiatéuei 80°C freezefor 30min and subsequently
dried to completion in a vacuum concentrator at room temperature for 5 h. ThéNdméed
glycans were resuspended in 50 uL of optima LC/MS grade water (Fisher Scientific, Waltham,

MA, USA) directly before IRMALDESI analysis.

4.2.2IR-MALDESI Analysis

Five microliters of resuspended glycans were pipetted onto a Teflon microwell slide
(Prosolia, Indianapolis, IN, USA). A millR laser (JGM Associates, Burlington, MA, USA)
operating at a wavelength of 2.97 um was used for laser ablatibran energy of 0.4 mJ per

burst®!! The electrospray solvent consisted of 50% acetoniffigher Scientific, Hampton, NH,
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USA) containing 1 mM acetic acigGigma Aldrich, St. Louis, MO, USApr negative mode and
60% acetonitrile containing @ formic acid(Sigma Aldrich, St. Louis, MO, USAfpr positive
mode. Stable electrospray was achieved with a flow rate of 2 pL/min at a voltage of 3.2 kV. IR
MALDESI was coupled to a Q Exactive H=(Thermo Fisher Scientific, Bremen, Germany) set
to a massesolving power of 240,0@@+xm at m/z200, analyzing between 1%thd 1500m/zin
positive and negative ionization mode. Automatic gain control (AGC) was turnexhdfa fixed
injection time of 50 ms was used. High mass measurement accuracy was aokiagelbck

masses for internal calibration.

4.2.3 Data Analysis

A list of N-linked glycans detected previously from bovine fetuin and reported in literature
were compiled to search in the d&fa® N-linked glycans were identified manually by searching
for monoisotopic masses and confirming isotopic distributions in XCalibur. GlycoWorkbench was
utilized to compare theoretical monoisotopic masses and search glycan databases by experimental

m/z. Putative glycan structures were drawn using the SNGF nomenditre.

4.3 Results and Discussion

The aim of this work was to demonstrgfg the ionization oN-linked glycans by IR
MALDESI, (2) the detection of sialylated glycan speciasd (3) the comparison of glycans
detected in positive and negative ionization. To easily compare structurelgpastected glycan
structures were putatively drawn according to literahased characterization. As shown in
Figure 4.1, each detecteN-linked glycan contains at least one sialic acid residnd more than

half the structures contain three and feialic acid residues. Additionally, the most abundant
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glycan detected by HMALDESI is the trisialylated triantennary form. No dissociation of sialic
acid was observed in this analysis, which is supported by the detected glycans being reported in
theliterature asderivatized species. Other abundant peaks in the mass spectrum are unidentified

multiply charged ions that were not found in bovine fetuin literature and are listggbendix C

(Table C.1).
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Figure 4.1 IR-MALDESI mass spectrum of detectNdinked glycans in negative mode with their
experimentam/zshown below each putative identification. Thiksknked glycans were detected

as glycosylamines which is discussed in more detail below. Putative structures were assigned
based on accurate mamsd literaturebased characterizations and are heavily composed of sialic

acid residuespurple diamonds

Multiply charged protonated and deprotonakétinked glycans were detected by-IR
MALDESI. The production of multiplharged ions by IRMALDESI wil | be directly beneficial
for enhanced structural elucidation by MS/MS fragmentation in untargeted glycan aflyses.
From a list of 42 previously reportéélinked glycans, 12 were detected in negative mode and 4

were detected in positive modgaple 4.1, Figure C.1). The higher number of glycans detected
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in negative mode is attributedttoe negative charge on sialic acid residues. Additionally, positive
mode ionization collects a high number of ambient ions which fill tie@due to their constant

flux. It is important to note that the 42 previously reported glycans were discovargathismical
derivatization methods. Analyses of native glycans have reported up to 5 and 6 native glycans by
negative mode ESI and MALDI, respectivély* Therefore, the 12 nativdl-linked glycans
detected by IRMALDESI represents a significant increase corneplato previous reports in the
literature. The glycans not detected byNRALDESI were primarily highmannose glycanghich

are significantly less abundant than the sialylated glycans in bovine fetuin.
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Table 4.1 List of N-linked glycans detected as glycosylamines in both positive and negative mode

ionization with high mass measurement accuracy (MMA) in parts per million (opm).

Negative Mode

[M-2H"]>

[M-3H"]*

N-Linked Glycan

Theom/z MMA

Theom/z MMA

GabGIcNAcsMarsNeuAe
GabGIcNAciMansNeuAcNeuGa
GabGIcNAcsMansFucaNeuAc
GabGIcNAcsMarsNeuAG
GakGIcNAcsMarsNeuAe
GakGIcNAcsMansFuaNeuAc

1109.8922 2.1
1117.8897 2.5
1182.9212 0.1

739.5924 11

788.2784 0.2
836.6242 1.0
861.3031 1.7
909.9891 0.0

GakGIcNAcsMarsNeuAG 1438.0060 2.3 | 958.3349 2.1
GakGIcNAcsMarsNeuAeNeuGa | 1446.0035 1.3 | 963.6666 1.9
GakGIcNAcsMansFuciNeuA 1007.0209 2.9
GakGIlcNAcsMansNeuAc 1055.3667 2.2
GakGIcNAcsNeuAaNeuGa 1060.6984 1.4
GalGIcNAcsMansNeuAcy 1177.0775 4.0
Positive Mode [M+2H *]%* [M+3H *]3*
N-Linked Glycan Theom/z MMA | Theom/z MMA
GabkGIlcNAcsMansNeuAa 966.3591 2.0
GabkGIcNAcsMansNeuAe 1111.9068 0.1
GakGIlcNAcsMarsNeuAG 1440.0206 0.6 | 960.3495 0.2
GakGIcNAcsMarnsNeuAcy 1057.3813 0.4

dMore glycans were detected in negative mode ionization. Putative identifications were made

based on accurate mass and reported glycans in literature.

In this study,N-linked glycans were detected with a primary amine terminus. During
enzymatic digestion, PNGase F cleaddinked glycans from asparagine residues. This produces
glycosylamines which are subsequently hydrolyzed in slightly acidic conditions to fornoholalc
terminus at the reducing end. The theoretim& of the alcohol terminus was approximately 10
ppm from the experimental A1 peak for all observed glycans, leading us to investigate further.
Due to the pH of the ammonium bicarbonate buffer (pHa&8)a lack of an acidic quench in this
experiment,N-linked glycans with a primary amine terminus were produced, as observed
previously!® The presence of the primary amine terminus was condirb@sed on mass and
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spectral accurac¥. Using GatGIcNAcsMarnsNeuAa as an example iffigure 4.2, the mass
accuracy of the monoisotopic peak was reduced to 2.1 ppm when considering the primary amine
terminus. Additionally, the theoretical isotopic distribution of a primary amineinesiclosely
resembles the experimental distribution. Each isotopologue is slightly more abundant than each
theoretical abundance due to the presence of both primary amine and alcohol termini, with the

primary amine being the predominant form.

15

Alcohol terminus
958.3369 .,;|/Monoisotopic peak ——Experimental
Mﬁiﬁ;?é‘g) L ———Amine terminus e Theoretical
N =<1 ppm A+1 peak
o [ ]
b 1 [ ]
Z
I=
e
3
[ ]
- 05
e
0 = t [ -

958 958.5 959 959.5 960 960.5 961
m/z

Figure 4.2 Full experimental isotopic distribution of G&IcNAcsMansNeuAa. Mass and
spectral accuracy indicate this glycan as having a primary amine terminus. The monoisotopic peak
in this distribution was observed @itz 958.3369 where the expected d&lobterminus structure

would have been at/z958.6629. Each isotopologue is slightly more abundant than the theoretical
abundance due to the presence of both primary amine (major form) and alcohol termini (minor

form).

4.4 Conclusions
The work presentetiere demonstrates the enhanced potential AR DESI for N-

linked glycan analysis. Highly abundant and multipiglylated glycans were detected without

74



stabilization by chemical derivatization. Additionally, we demonstrated the improved ionization
of glycan species in negative mode compared to positive mode ionization. This work indieates IR
MALDESI as an alternative approach for profiling underivatidelinked glycans by negative
mode ionization. In future work, mass spectrometry imaginiy-bhked glycans in biological

tissues by IRMALDESI will be pursued.
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Chapter 5: Mass Spectrometry Imaging ofN-Linked Glycans in Formalin-Fixed Paraffin -
EmbeddedHuman Prostate by Infrared Matrix -Assisted Laser Desorption Electrospray
lonization
Reused with permission frorRace, C.L.Angel, P.M, Drake, R.R.Muddiman, D.CJournal of

Proteome Rea=arch 2021, In PressCopyright © 2020American Chemical Society

5.1 Introduction

Glycosylation represents one of the most common-fpasslational modifications in
humans, wherein a glycan moietyeiszymatically added to a protein and mediates its function in
tumor progress and signal transductiotLinked glycans are polysaccharides covalently bound
to asparagine residues on proteins containing-2? ™S motif where X is any amino acid except
proline. The structural dersity of N-linked glycans (isomeric monosaccharides, ring
conformations, linkages, and protein localization) contribide the analytical challenges to
investigate the biological importance of-linked glycans. Additionally,N-linked glycans
containingN-acetylneuraminic acid (sialic acid) face additional challenges due to the lability and
ionization preference of the monosaccharide. These challenges demand for improved analytical
techniques adéssing these unique difficulties to confidently investigate the biological rdNe of
linked glycans in various disease states.

Common workflows for analysis d-linked glycans utilize liquid chromatograpiyass
spectrometry where sample preparation nepunomogenization of tissue samples resulting in the
loss of any molecular spatial specificftyMass spectrometryriaging (MSI) methodologies allow
the visualization of molecular spatial distributions across tissue ,tyg@sh is important in

understanding their biological importance and biological role in tumor regions within a tissue

79



sample. Thus far, successful M&f N-linked glycans has primarily used matagsisted laser
desorption ionization (MALDI¥ ® While significant progress has been madeNdinked glycan
imaging, previous research indicates that MALDI results in fewer sialic acid spéaies
electrespray ionization (ESI) due to internal energy deposited by MALDI matrices during proton
transfer/ Chemical derivatization methods have been developed to overcome this challenge,
requiring more time and resources involved in sample prepefafaiditionally, sialic acil
contains a negative charge due to the presence of a carboxylic acid indicating a preference for
negative ionization mode. Negative mode analyses are less sensitive in MALDI measyrements
and thus, glycan imaging has primarily operated in positive iooizatode?°Therefore, an ESI

like ionization method could be useful fdflinked glycan imaging without the need of adutial
chemical derivatization methods during sample preparation.

Infrared matrixassisted laser desorption electrospray ionization-MAR.DESI),
commonly used for MSI applications, utilizes a ARdlaser to resonantly excite water found in
biological samfes and desorbs neutral species into theppase. Neutral species are then post
ionized by an orthogonal electrospray plume in an-l&&8lfashion. By combination of both
MALDI and ESI characteristics, HRIALDESI achieves advantages from both soft iotiaa
sources such as spatial correlation from MALDI and ionization characteristics from ESI. IR
MALDESI interfaced with Orbitrap technology yields high mass measurement accuracy (MMA)
and high resolving power critical for confident detection of biomoleculigh untargeted MSI
datasets. IMALDESI has established its utility for sampling a variety of complex sample types
such as bones and zebrafish for analysis of metabolites and‘iptdeecently, we demonsited
the use of IRMALDESI in the direct analysis of nativg-linked glycans enzymatically cleaved

from glycoproteins without any use of chemical derivatizatfon.
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In this work, we demonstrate the first-NRALDESI MSI analysis ofN-linked glycansA
formalinfixed paraffirembedded (FFPE) human prdstaas chosen for analysis due to its high
abundance oN-linked glycans in the tissue as well &s biological importance in prostate
cancert® '8 Previously established sample preparation methods were utilized to prepare prostate
samples for the enzymatic digestiorN\sfinked glycans prior to analysis by 4RALDESI.*® This
proof-of-concept study demonstrates the utility ofMALDESI for N-linked glycan imaging,

laying the grounework for future studies.

5.2 Materials and Methods

FFPE human prostate cancer tissue (Gleason Score 6) was obtained from MUSC Hollings
Cancer Center Biorepository under MUSC Institutional Review Board for Human Research
approved protocol (Pro 17669). The FFPE human prostate sample was prepared for analysis using
previously published methods which are summarized b&lG\MI. solvents and materials were

purchasedrom ThermoFisherScientific (Hampton, NH, USA) unless othése specified.

5.2.1 Dewaxing/Delipidation

The FFPE human prostate tissue section was heated°@t 8@ 1 h to melt the paraffin
residue around the tissue section. After heating, the prostate section was cooled to room
temperature on the benchtop f@peaoximately 5 min. The prostate tissue was rinsed ®ight
washes in Coplin jars to remove salts and lipids from the prostate ¥g80éssue washes were
compogd of histologygrade xylenes (x2, 3 min each), 200 proof ethanol (x2, 1 min each), 95%
ethanol (1 min), 70% ethanol (1 min), and-MS grade water (X2, 3 min each). Following tissue

washes, the prostate tissue was vacuum desiccated for 5 min.
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5.2.2 Antgen Retrieval

A vegetable steamer (Rival, Kansas City, Missouri, USA) was fillébdavater line and
preheated to produce steam for antigen retrieval. The prostate section was steamed for 30 min in a
side opening fiveslide mailer filled with 5.6 mM citconic acid buffer (pH-3, SigmaAldrich,
St. Louis, MO, USA). After steaming, the slidwiler was removed froitine steamer and placed
into cool tap water for 5 min to slowly cool down the prostate sample. The tissue section was
slowly cooled down by renwing half the buffer, replenishing with l-@IS grade water and
incubating for 5 min for a total of 3 times. The prostate tissue was then rinsed wiltslgtade

water and vacuurdesiccated for 5 min.

5.2.3 Enzymatic Digestion ofNnked Glycans

Exactly 100 pug/mL PNGase F PRIMEY (Bulldog Bio, Portsmouth, NH, USA) was
evenly sprayed ontthe prostate tissue usirgTM-Sprayer (HFTX Technologies, Carrboro, NC,
USA) at 25 pL/min, 1200 mm/min velocity, 3 mm spacing, 5 mm overspray margins, and 15
passes in arisscross pattern. Nitrogen gas (Arc3 Gases, Raleigh, NC, USA) was set toah@l psi
the nozzle was heated to 48. N-Linked glycans were then enzymatically cleaved during
incubation at 37C for 2 h in a humidity chamber where the relative humidity was greater than

80%.

5.2.4 IRMALDESI MSI Analysis
The digested human prostate tissue was placed directly on the-Battied translational

stage inside the sample enclosure purged witbgetn gas (Arc3 Gases, Raleigh, NC, US#id
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a thin ice layer was formed by controlled exposure to humidity. An electrospray ionization source
was achieved with 60% acetonitrile and 1 mM acetic acid solution at a flow rate of 2 uL/min and
spray voltage of3600 V for negative ionization modé.A mid-IR laser (JGM Associates,
Burlington, MA, USA) operating at 2.97 um was used for laser ablation at 1.2 mJ per voxel with
a spatial resolution of 150 um. IRALDESI was coupled to an Orbitrap Exploris 240 mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany) forreggiution accurate msis
spectrometry at a resolving power of 240804, at 200m/z Automatic gain control (AGC) was
disabled and a fixed injection time of 90 ms was set to synchronize the laser ablation event with
the collection of ionized glycans in the ion routing multipolde prostate sample was analyzed
in two separate regions of interest to evaluate ESI stability halfway through. The instrument was
mass calibrated the morning of analysis to achieve high mass measurement accuracy (<2.5 ppm).
A small portion of the tissueas left unanalyzed so that multiptharged peaks could be
fragmented, and putative structures could be further identified. Three ions were individually
isolated with a window of 2 Da and the normalized collision energy (NCE) was ramped up every

five scans to get a range of fragmentation patterns for each precursor ion.

5.2.5 Data Analysis

Thermo .RAW data files were converted to mzML files using MSCoffvartd then to
imzML files using imzMLconvertéf. All ion images were generated and analyzed using
MSiReader, an opesource MATLAB software for imaging analys&<® The two imzML files
wereseparated with a black border in each ion image. The MSiltoagjgn MSiReader was used

to overlay the optical image onto ion images to compare morphological regions. GlyConnect, an
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experimentally curated glycomic database, was used to search prevarrgijied N-linked
glycans found in human sampfés.

GlycoHunter was used to quickly search for mwtpharged peaks detected by-IR
MALDESI.?’ Peakpairs with a 0.5017 (z 2) and 0.3345 Da (z 3) mass offset were searched in
the data with a 10 ppm mass offsetztolerance and a minimum abundance threshold of 1000
ions/s. These multiptgharged ions were searched in GlycoMod, a theoretical glycan database,
where each identification must be within 2.5 ppm MMA, contain the dbliaked glycan
structure (HesHexNAG), andnot include pentose, KDN, or HexA monosaccharfes.

For further identification of putative structures, the predicted structures were drawn in
GlycoWorkbench and the glycosidic cleavages were computed and searched within each MS/MS

data file?®

5.3 Results and Discussion

IR-MALDESI was used to spatially investigate the distributioNdinked glycans in the
human prostate. The human prostate tissue served as a model system for the first demonstration of
glycan imaging by IRMALDESI due to the biological involvement Nflinked glycans in prostate
cancert® '8 Figure 5.1 shows the optical image of the FFPE human prostate tissue section taken
prior to IRMALDESI MSI analysis, depicting large and divemnorphological regions. Sample
preparation procedures not typically used prior teMRLDESI analyses were required to
enzymatically cleave and detedtlinked glycans in the prostate sampkagure 5.2). Tissue
washes in xylenes, ethanol, and water wegglired to remove paraffin residue, salts, metabolites,
and lipids that would otherwise suppress and dominate the recorded mass spectra. Protein cross

linking was reduced by antigen retrieval allowing enzyme access to the glycosylation sites. Finally,
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PNGase F was pneumatically sprayed over the human prostate before digestiotCain3d
humidity chamber. Enzymatically cleavieinked glycans were then analyzed byNRALDESI
in negative ionization mode due agrevious work indicating negative modeaamore sensitive

method for negatively charged sialylated species with reduced ambient backgrourid ions.

Stroma

L A

5mm

Tumor Region

Figure 5.1 Optical image otheFFPE human prostate tissue showing multiple large morphological
features. The tumorous region as determined by H&E staining is roughly outlined. A few examples
of glandular and stromal regions are highlighted and will be discussed later with ion image

distributions.
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Tissue washing was utilized for dewaxing and delipidating the tissue. Antigen retrieval was
required to reduce protein crosslinking prior to enzymatic digestion by pneumatically applied
PNGase F. IMALDESI MSI was used to spatially detddtlinked glycans in negative ionization

mode. Data analysis included spatial interpretation in MSiReader and peak picking of multiply

charged species via GlycoHunter.

Native N-linked glycans were detected as multiplyarged species in negative ionizatio
mode by IRMALDESI MSI. Due to the significant amount bflinked glycans observed in each
individual spectrum, GlyConnect was used to specifically search for previously ideNtifrdded
glycans specific to the human specidd.inked glycans reporteth GlyConnect were exported
and filtered to structures that contained at mininthreehexose andwo N-acetylglucosamines
with the monoisotopic peaks of the second or third chetege overlapping the experimental mass
range used in this study. Thistéiting criteria resulted in 580 previously identifidHlinked
glycans reported in GlyConnect that were searched within this dataset. The ion images for the
multiply-charged monoisotopic peaks were exported and filtered down to-$igeasic ions with
spatially informative ion images (i.eions with sporadic signal were filtered out). Isotopic

distributions for tissuspecific ions were then investigated to confirm the presence of a multiply
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charged distribution. A total of 53 multiplyharged deprotoned N-linked glycans were detected

by IR-MALDESI with high mass measurement accuracy (MMA, <2.5 ppm) in the human prostate

sample Table 5.1).

Table 5.1 Fifty-ThreeMultiply-ChargedDeprotonatedN-Linked GlycansDetected irtheHuman
FFPEProstateTissue withHigh MassMeasuremenccuracy (MMAY.

Experimental Database MMA Experimental Database MMA
# Charge m/z D (ppm) # Charge m/z D (ppm)
1 2 616.2089 H5N2 0.9 28 2 964.8356 H5N4S51 0.9
2 2 697.2353 HG6N2 0.8 29 2 972.2729 H5N4F1U2 1.7
3 2 709.7512 H4N3F1 0.7 30 2 1001.8549 H6N5 0.0
4 3 739.9203 H5N4S2 0.1 31 3 1007.3479 HG6N5F1S3 0.9
5 2 778.2623 H7N2 0.0 32 3 1032.0267 H7N6F152 1.1
6 2 782.2695 H4N3S1 1.2 33 2 1037.8648 H5N4S1F1 0.6
7 3 788.6054 H5N4F182 1.2 34 2 1058.3771 H4N5F1S1 1.6
8 3 789.2782 H7N6 0.0 35 2 1074.8822 HEN5F1 1.5
9 2 798.7750 HB6N3 0.7 36 2 1077.8422 H5N4F1S1U1 1.6
10 2 811.2899 H4N4F1 1.8 37 3 1080.3739 H7N6S3 -0.2
11 3 813.2844 HBN5F1S1 1.1 38 2 1098.3553 H4N5F1S1U1 1.7
12 3 815.2565 H5N4F1S2U1 2.6 39 2 1110.3831 H5N4S2 1.0
13 2 819.2882 H5N4 0.7 40 3 1129.0582 H7NBF1S3 1.3
14 2 855.2989 H4N3F 151 0.5 41 2 1147.4005 HBEN5S1 1.9
15 2 859.2877 H8N2 1.1 42 2 1147.9128 HBN5F2 0.0
16 3 861.6301 HBEN5S2 1.2 43 2 1183.4121 H5N4F152 1.0
17 3 866.5885 H6N5F1S1U2 1.5 4 2 1184.4210 H7N6 0.0
18 3 886.3090 H7N6S1 1.2 45 2 1203.9254 H4N5F182 0.9
19 2 892.3173 H5N4F1 0.5 46 2 1220.4306 HBN5F181 0.8
20 3 910.3166 HE6N5F1S52 0.6 47 2 1257.4486 H7NG6F1 1.1
21 2 932.2953 H5N4F1U1 0.9 48 2 1292.9481 HBN5S2 1.7
22 3 934.9963 H7N6F1S1  -0.3 49 2 1329.9673 H7N6S1 11
23 3 936.9697 H6N5F1S2U1 -0.4 50 2 1365.9774 HEN5F1S2 1.4
24 2 940.3138 HION2 14 51 3 1372.4791 HON8BF1S3 1.5
25 2 944.3216 HBN3S1 1.7 ba 2 1402.9950 H7N6F1S1 1.9
26 2 956.8365 H4N4F1S1 2.7 53 2 1475.5152 H7N6S2 0.8
27 3 958.6623 HBN5S3 0.7

®These identifications were found by searching for the hubdinked glycans reported in

GlyConnect. Each identification is represented in shartd notation where H=Hexose, N=

Acetylglucosamme, F=Fucose, S¥-Acetyl-Neuraminic Acid, and U=Sulphate Modification.
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More than 60% of th&l-linked glycans detected by IRALDESI (Table 5.1) contain at
least one sialic acid residughich is a considerable amount given that no chemical derivatization
steps were used to stabilize the labile monosaccharide. This observation is suppepteyioys
investigation into the internal energy deposited into a molecule during ionization (using
thermometer ions)demonstrating that HRIALDESI is a soft ionizéion method that produces
ions with comparable internal energy to conventional ESI measureffidiits. mechanism in
which IR-MALDESI produces soft ions begins with IR absorptiontié endogenous and
exogenous water/ice matrix. Neutral species can be vibrationally activated in a multiphoton
process as a result of IR irradiation, but these neutral species quickly enter the charged ESI droplets
and are cooled via vibrational relaxation igly up their internal energy bincreasingthe
temperature of the solvent. Thus, even when sufficient internal energy is deposited in a molecule
when irradiatedabile speciegare not given the time to dissociate prior to the internal energy being
removed

To demonstrate the critical importance of -MRALDESI for glycan imaging
methodologies, it is important that thelinked glycans detected in this study also have spatially
informative ion images and show close alignment with the morphological featutesmbstate
sample.Figure 5.3 demonstrates the colocalization of the ion images with the morphological
features of three spatially distindtlinked glycans within the prostate sample. The optical image
taken prior to IRMALDESI analysis Figure 5.1) was overlad in MSiReader to correlate these
regions together. A zoomed region of each unique spatial distribution shows alignment with the
morphological regions. For exampkgure 5.3A shows an ion particularly distributed in a small
glandular region wile the ion shown ifrigure 5.3B is distributed across the stromal tissue of the

prostate. The ion representedrigure 5.3C is well distributed across the entire prostate sample
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but of importance is the decrease in abundance inside the large glaaedidarhighlighted in the
zoomedin image. This ion is observed to have a decrease in abundance inside the glandular tissue
of this region; however, the abundance of this ion closely aligns with the connective tissue between
each of the individual glands.h& spatial distribution of alN-linked glycans detected by 1R

MALDESI is shown inFigure D.1.

A) 855.2989 m/z _100% 855.2989 m/z 100%

932.2953 /z -100%

Figure 5.3 (A-C) Colocalization with spatial features thfe human prostate sample. lon images

of three putatively identifietll-linked glycans are shown for reference (left). The optical image of
the prostate sample is ovedaon top of each ion image (middle) to show colocalization with
morphological features ohé tissue with smaller regions of interest zoosimetb exhibit close
alignment (right). The black line seen halfway through the ion images was added by MSiReader

to separate two regions of interest collected for this prostate sample.
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After identificationof the 53N-linked glycans, it became clear that there was a significant
number of unidentified multiphgcharged species in the prostate sample. For exaRiglee 5.4A
shows the mass spectrum #7719 that shows more unidentified muligrlged peaks tha
putatively identified N-linked glycans from GlyConnectwhich are highlightedin green.
Considering that multiphgcharged peaks are not present in theVIRLDESI background, these
peaks represent tissgpecific ions and are most likelN+linked glycanghat were enzymatically
cleaved by PNGase F. These multiplyarged peaks were first extracted using GlycoHunter and
then searched in GlycoMod for theoretical identifications. This resulted in a total of 604 peak pairs
in spectrum #7719 alone, which wastlfier reduced down to 123 unique peak pairs by deisotoping
and verifying the detection of the isotopic distributiéig(re D.2).

A majority of the monoisotopic peaks found by GlycoHunter did not have any theoretical
matches to GlycoModHgure 5.3) and hus were left unidentified by database searchtiogty-
threemultiply-charged GlycoHunter peaks, having tisspecific spatial distributions and isotopic
distributions, matched theoretical structures reported in GlycoMod, many of which were already
annoaited by searching for GlyConnestlinked glycans Table 5.1). Twenty-three multiply-
charged peaks not previously identified by GlyConnect were identified by GlycoMgudré
D.4), in which case most contained sulfate or phosphate modifications that areepuatézd and
thus not present in GlyConneé&tigure 5.4B shows six selected ion images demonstrating that
these ions found in spectrum #7719 by GlycoHunter had similar lsghs@ibutions to

GlyConnect ions and could represent biologically reledalmked glycans.
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Figure 54 (A) Mass spectrum #7719 showiagsignificant number of multiphcharged peaks.
Labels highlighted in green were already annotated by GlyConnabtiadatsearchin@éble 5.1).
This scan was searched for peak pairs via GlycoHunter with a 0.5017 or 0.384#3 dset to
find multiply-charged monoisotopic peaks to search witthie GlycoMod databaseB) lon
images of multiplycharged peaks with no ¥loMod database identifications and potential
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sulfate/phosphate modifications represent significant spatially informative distributions that could
be of biological importance to the human prostate sample. The black line seen halfway through
the ion imagesvas added by MSiReader to separate two regions of interest collected for this
prostate sample.

Tandem mass spectrometry was performed on tNréieked glycansto confirm the
presence of putatively identified structures as well as one of the unidemtifikigly-charged
peaks. The putative structures provided by GlyConnect were drawn in GlycoWorkaedats
glycosidic cleavages were predictéd=or example, the predicted fragments for 1037.86%0
that were detected in the MS/MS file are shownFigure 55A. The combination of the
biantennary branches as well as the loss of the reducing end all confirm and lead to
HexsHexNAaFuaNeuAa being the most likely structure. Additionally, each fragmuret
resulted in the loss of the reducing end was not detected with a fucose, confirming the presence of
a core fucose. The unidentified multiptharged precursor could not be drawn and have computed
fragments in GlycoWorkbench. However, the unknown mliytcharged precursor was observed
to fragment in extremely similar patterns to the 1037.86htion (Figure 5.5B). Additionally,
thefirst charge state of the 1037.86%50zion was detected as a fragment in the unknown MS/MS
spectrum. This indicates th&texsHexNAuFuaNeuAa is likely the core structure of the
unidentified ion with an additional modification. These ions have a neutral mass difference of
35.9763 Dawhich corresponds by accurate mass to a chlorine adduct and psobdn ([IM

H*+CI?).
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Figure 5.5 Fragmentation spectra for a putatively identifieédinked glycan and an unidentified
multiply-charged peaklA) The glycosidic cleavages shown for the 108/z peak confirm the
putative identification of HelexNAaFucNeuAa. (B) The unknown peak at 1058/zshowed
extremely similar fragmentation peaks to the 108Zpeak. Additionally, the singtgharged form
of HexsHexNAuFucNeuAc was also detected indidady that this is likely the core structure of

the 1055m/zpeak with an additional unknown modification.

After discoveringthatthe mass offset likely represented a mixeode ionization with
chlorine adducts, we searched the data for other possiblenetdmN-linked glycans. This led to
the annotation of 3B-linked glycan peaks that were previously extracted by GlycoHunter but left

unidentified by database searchingalple D.1). Although chlorines have distinctive isotopic
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patterns, thé’Cl isotopologue could not be resolved due to the resolving power at the detected
m/z values as well as then/z spacing of multiplycharged peaks. However, the isotopic
distributions of the detected-linked glycans very closely align with the theoreticaitribution

of the glycans with chlorinated adducEBgure 5.6A showsthat HexsHexNAaFucNeuAa is

likely adducted with one chlorine and the loss of a proton. The presence of one chlorine adduct
causes a 40% increase in the abundance of the2Aisotopt peak. The observed isotopic
distribution closely aligns with the increase in abundance as demonstrated by-searied

value which tests for goodness of fit between two distributions. Similgiyre 5.6B represents
anN-linked glycan detected wittwo chlorine adductshatcauses a 200% increase in ther 2

peak which is clearly observed in the experimental data.

A) Glycan: Hex;HexNAc,Fuc,NeuAc, B) Glycan: Hex;HexNAc,
100 - . Chemical Formula: C,gH,3,05N; 100 X Chemical Formula: C,gH;,034N,
x:=29 x% =101.5 (20.2 excluding last data point)

©
=3

x2 =689 x% =599.6 (60.3 excluding last data point)
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Figure 5.6 (A, B) Isotopic distributions of two detected-linked glycans with theoretical
distributions of chlorine andeprotonated adducts ovedaThe [M-2H*]? isotopic distribution
would be observed at a lowmrzvalue but has been shifted to compare probabilities of abundance.
Chi-squared values testing a goodness of fit indicate thad-thmked glycans were dettsd with

chlorine adducts.

5.4 Conclusions
A new methodology to spatially detedtlinked glycans in a biological tissue was created using
IR-MALDESI MSI. A total of 53N-linked glycans were confidently identified based on previous
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identifications foundn theliterature. More than 60% of these identifications included sialic acid
residues indicating the softness ofMRALDESI to preserve these labile species. A significant
amount of multiplycharged peaka&asdiscovered via GlycoHunter in a single scdnich led to
potential sulfate/phosphate modifications as well as many chladdected structures. This
proofof-concept effort demonstrates thidtlinked glycan imaging by IRPMALDESI can be

carried out without the need for chemical derivatization.

5.5 Supporting Information

lon images of 53 multiphighargedN-linked glycans detected the human prostate=gure D.1),
examples of isotopic distributions investigated after peak pair extraction via GlycoHriigteme(

D.2), ion images ofmultiply-charged peaks found by GlycoHunter that have no database
identifications in GlycoMod or GlyConnedtigure D.3), ion images oN-linked glycans found

by GlycoHunter and annotated by GlycoMé&igure D.4), and aist of N-linked glycans detected

with chlorinated adducts with high mass measurement accurable(©.1)
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Table A.1 List of neurotransmitters and relatetetabolites detected in placenta tissue BWIRLDESI with their respective mass
measurement accuracy (MMA) and spectral isotope score. The spectral isotope measure provided by METASPACE, is cdleulated as t
averagdlifference between a predicted and experimental isotope abundances where a value closest to 1 represents an exact match. The
right side of the table indicates the spatial distribution of each molecule as determined from a female control tidsae taes efdct

of flame retardant exposure on the abundance and regional distribution for each metabolite.

Neurotransmitter/Metabolite Formula [M+H]" | MMA Spectral Isotope Measure Distribution in Control Flame Retardant Effect
1 Imidazole-4-acetaldehyde CsH¢N,O 111.0553 4.5 0.829 Whole Downregulated in Female
2 Histamine CsHgN; 112.0869 4.5 0.098 Whole Downregulated
3 Phenethylamine CsH;N 122.0964 33 0.998 Whole Downregulated
4 Methylimidazole acetaldehvde CgH:N,0O 125.0709 24 0.944 Whole Downregulated in Female
5 N-Methylhistamine CgH N3 126.1026 24 0.989 Whole Downregulated in Female
6 Imidazole-4-acetate C:H¢N.0O, 127.0502 2. 0.900 Whole Upregulated in Female
7 4-Acetamidobutanal C¢H,;NO, 130.0863 1.5 0.993 Higher in Maternal No Observed Effect
8 N-Acetylputrescine C¢H4N,O 131.1179 0.8 0.991 Whole Downregulated
9 Adenine CsHsNs 136.0618 15 0.997 Whole Upregulated in Troph in Male
10 N-methylphenethylamine CgHysN 136.1121 0.7 0.995 Whole Downregulated
11 Hypoxanthine CsH.N,O 137.0458 15 0.662 Higher in Maternal Upregulated in Troph in Male
12 Tyramine CgH,NO 138.0913 1.4 0.995 Whole Downregulated
13 Urocanate CeHgN-04 139.0502 14 0.904 Whole No Observed Effect
14 Methylimidazoleacetic acid CsHN-0O, 141.0659 0.7 0.967 Whole No Observed Effect
15 4-Acetamidobutanoate CgH1NO; 146.0812 1.4 0.985 Whole No Observed Effect
16 4-Guanidinobutanoate CsH; N30, 146.0924 21 0.610 Higher in Troph No Observed Effect
17 Acetylcholine C;H{5NO; 146.1176 0 0.981 Higher in Troph No Observed Effect
18 Spermidine C,HyoN3 1461652 14 0.996 Whole No Observed Effect
19 L-Glutamine CsH;(N,O5 147.0764 14 0.968 Higher in Maternal No Observed Effect
20 Glutamate CsHgNOy 148.0604 0.7 0.985 Whole Upregulated
21 Guanine CsH;Ns;0 152.0567 0.7 0.859 Whole Upregulated
22 Dopamine CgH;1NO, 154.0863 13 0.996 Whole No Observed Effect
23 L-Histidine C¢HoN;0, 156.0768 1.3 0.629 Whole No Observed Effect
24 4-Imidazolone-5-propanoate C¢HN,O; 157.0608 1.3 0.765 Whole Upregulated
25 Indole-3-acetaldehyde C1oHaNO; 160.0757 0.6 0.992 Whole Downregulated in Female
26 Tryptamine CypHpoN; 161.1073 1.9 0.993 Whole Downregulated
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Table A.1 (continued)

Neurotransmitter/Metabolite Formula M+HT MNMA Spectral Isotope Measure Distribution in Control Flame Retardant Effect
27 Phenylalanine C.H, NO, 166.0863 1.2 0.990 Whole No Observed Effect
28 3-methoxytyramine/synephrine C.H;3NO, 168.1019 1.8 0.993 Whole Downregulated in Female
29 Norepinephrine CzH;|NO; 170.0812 12 0.982 Whole No Observed Effect
30 1-Methylhistidine C-H,N;0, 170.0924 1.8 0.840 Whole No Observed Effect
31 Arginine CsH14N4O, 175.1190 1.1 0.933 Whole No Observed Effect
32 N-methyltryptamine Cy HygNy 175.1230 23 0.990 Whole Downregulated
33 S-hvdroxyindole-3-acetaldehyde CH:NO, 176.0706 1.1 0.976 Whole Upregulated
34 Serotonin C,yH2N,0 177.1022 11 0.993 Whole Downregulated
35 Tyrosine C.H, NO; 182.0812 1.1 0.768 Whole No Observed Effect
36 Epinephrine C.H;NO; 184.0968 1.1 0.967 Whole No Observed Effect
37 N-methylserotonin C H;N,0 191.1179 0.5 0.992 Whole No Observed Effect
38 L-Dopa CeHy NOy 198.0761 0.5 0974 Whole Upregulated in Male
39 Spermine CroHasN4 203.2230 L5 0.993 Whole Upregulated in Troph in Male
40 Tryptophan C11H2N,0, 205.0972 i] 0.931 Whole No Observed Effect
41 Formyl-3-hydroxvkynurenamine C1gHaN205 209.0921 0 0.969 Whole Downregulated in Female
42 N-acetylserotonin C;H4N,0, 219.1128 0.9 0.946 Whale Downregulated in Female
43 5-hydroxytryptophan Cy1H2N,0; 221.0921 0.5 0.803 Whale Downregulated in Male
44 Melatonin C:H N0, 233.1285 0.4 0.903 Whole Downregulated in Female
45 Homocarnosme/ Anserine CoH M40 2411295 1.2 0.939 Whole Downregulated in Female
46 6-Hydroxymelatonin C13HsN,0; 2491234 0.4 0.896 Whole No Observed Effect
47 3'-Deoxyadenosine CgH;3N;05 252.1091 0.4 0.703 Higher in Troph Downregulated in Female
48 Adenosine CygH3N:04 268.1040 0.4 0.983 Whole No Observed Effect
49 Anandamide C1,H3-NO, 348.2897 1.1 0.935 Whale No Observed Effect
50 Succinate semialdehyde C,H0, 103.0390 m/= present in background
51 Gamma-aminobutyric acid CHNO, 104.0706 m/= present in background
52 D-serine C3H,NO; 106.0499 m/= presentin background
53 Phenyl-acetaldehyde CgH;0 121.0648 m/z presentin background
54 L-Ornithine CsH,3N,0, 133.0972 m/= present in background
55 Phenylacetate CyH;0, 137.0597 m/= present in background
56 Phenylpyruvate C.H:0; 165.0546 m/= present in background
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Table A.1 (continued)

Neurotransmitter/Metabolite Formula M+HT MMA Spectral Isotope Measure I Distribution in Control Flame Retardant Effect
57 4-Hydroxyphenylpyruvate CH0, 181.0496 m/= present in background
58 Phosphocholine C;H,:NOP 1835.0812 m/= presentin background
59 3-Hydroxyindoleacetate CgHNO; 192.0655 m/= presentin background
60 2-Arachidonyl slvcervl ether Co3HsO4 365.3050 m/= present in background
61 Choline C;H,,NO 105.1148 Not detected in this study
62 Succinate C.H;0, 119.0339 Not detected in this study
63 Agmatine C;H N, 131.1291 Not detected in this study
64 Asparagine C.HN,0; 133.0608 Not detected in this study
65 Carbamoyl phosphate CH,NOP 141.9300 Not detected in this study
66 Xanthine C-H,N,0, 153.0407 Not detected in this study
67 Urate C;:H,N,0; 169.0336 Not detected in this study
63 N-Formimine-L-ghitamate C:HyN,0, 175.0714 Not detected in this study
69 3-Hydroxvisourate C;H,N,0, 185.0306 Not detected in this studv
70 N(omega)-Hydroxyarginine C:Hy.N.O; 191.1139 Not detected in this study
71 Dopaquinone C.H.NO, 196.0605 Not detected in this study
72 Indolepyruvate C,H.NO; 204.0655 Not detected in this study
73 5-methoxyindoleacetate C1HiNO; 206.0812 Not detected in this study
74 Carnosine CH N,O; 227.1139 Not detected in this study
75 3-Phosphoribosylamine C;H,,NO-P 230.0424 Not detected in this study
76 N-formyl-kynurenine C H;pN,Oy 237.0870 Not detected in this study
77 3-hydroxy-N-formylkynurenine Cy HaN2 O 253.0819 Not detected in this study
78 Deoxvinosine C1oH1 N0, 253.0932 Not detected in this study
79 D-Glucosamine phosphate CeH,NOP 260.0530 Not detected in this studv
80 Inosine CH,N,O; 269.0881 Naot detected in this study
81 Guanosine CH3N;0; 284.09%0 Not detected in this study
82 Nanthosine CH 1 N,05 285.0830 Not detected in this study
83 3-Todo-L-tyrosine CH( INO; 307.9778 Not detected in this study
84 Virodhamine C1,H;NO, 347.2824 Not detected in this study
85 Adenosine 5'-monophosphate CyH N:;0-P 348.0704 Not detected in this study
86 2-Arachidonoylglycerol Co:H;:0. 379.2843 Not detected in this study
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Figure A.1 Mass spectra of each neurotransmitter and related metabolite detectedBy.IHES| without chemical derivatization
averaged over approximately 50 scans. The experimevitegd depicted in the upper left corner of the mass spectra with its calculated
mass measurement accuracy (MMA). Each metabolite except three were detected with accurate mass (<2.5 ppm MMA). Many
metabolites were also detected with high spectral accuragpeessented by each theoretical isotopic distribution (red circles). Please
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note that these spectra also contain clusters of background signal similar to the neurotransmittersFsgowe2i2. These clusters

were not shown here for simplicity.
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Figure A.2 Clustered bar graph representing the normalized abundance of each neurotransmitter averaged across the whole tissue sectior
for male and female placenta tissues. For both dopamine and norepinephrine, normalized abundances are relatively gmilar amon
exposure groups in both male and female placenta tissue. For the other neurotransmitters, there is an overall dedréaseagiren
neurotransmitter with exposed tissues at lower abundance than control tissues in male placenta tissue. In fantie BZ&4eand

high FM550 exposure groups have a lower normalized abundance of neurotransmitter compared to the control groups. Twdow expo
group in female tissues do not have decreased abundance for each neurotransmitter compared to theupsntrol gro
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Figure A.3 lon images of all metabolites of tryptophan. Tryptamine ahgdsoxytryptophan (which produces serotonin) are the only

metabolites produced from tryptophan that are downregulated by flame retardant exposure.
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Phenylalanine
[M+H*]* = 166.0863
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Figure A.4 lon images of all metabolites of phenylalanine. Only the production of phenethylamine is affected by exposure to brominated

flame retardants.
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Appendix B: Supplemental Information for Chapter 3

A\ Glyceraldehyde 3-phosphate Erythrose 4-phosphate
[M+H*]* = 171.005 [M+H*]* = 201.0159
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