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ABSTRACT

Apolipoprotein E4 (ApoE4) is the significant risk gene for late-onset Alzheimer’s
disease (AD), which is not only associated with the AD pathological features,
including amyloid-p deposition, phosphorylation of Tau proteins and
neuroinflammation; but also involved with metabolism, neuron growth, and synaptic
plasticity. Growing clinical evidence has revealed that dysfunction of systematic
molecular alterations in the brain occurs even twenty years before the onset of AD
pathological features. Multi-omics such as metabolomics and proteomics have been
applied widely in identifying key disease-related molecular alteration and disease-
progression-related changes. Despite recent advances in the development of analytical
technologies, screening the whole profile of metabolites remains challenging, due to
many classes of compounds with diverse chemical properties that would need different

extraction processes.

In this study, we combined two omics (metabolomics and proteomics) to study the
molecular alteration effected by ApoE4 in H4 neuroglioma cells. Typically, we first
conducted metabolomics that uses Orbital trapping secondary ion mass spectrometry
(OrbiSIMS) as a screening tool to gain a non-biased overview of metabolic alteration
under ApoE4-carried neuroglioma cells. Sample preparation optimisation for H4 cells
in OrbiSIMS analysis has been conducted under two conditions: freeze-dried and
frozen-hydrated. The findings are subsequently followed by LC-MS/MS targeted
metabolomics for further confirming specific metabolite classes. Then proteomics was
also performed by using UHPLC-MS. Subsequentially, Gene ontology (GO) analysis

has been applied to link the metabolomics and proteomics results.

The initial OrbiSIMS approach has shown the advantages of detecting large numbers
of metabolites with minimal sample preparation, small sample size and a relatively

rapid analysis time, allowing 192 putatively annotated metabolites detected in our



study. Overall, OrbiSIMS as screening tool then followed by LC-MS/MS is
successfully developed to investigate cellular metabolomics, revealing the disruption
of lipid metabolism (glycerophospholipids and sphingolipids) and amino acid
metabolism. This includes alanine, aspartate, and glutamate metabolism, aminoacyl-
tRNA biosynthesis, glutamine metabolism, and taurine and hypotaurine metabolism.
Proteomics study further confirms the dysfunction of amino acids, tRNA
aminoacylation metabolic processes, and reveals RNA splicing process affected by
ApoE4. GO analysis suggests that nitrogen compounds, amino acids, tRNA
aminoacylation metabolic processes play important roles in ApoE4 mediated

molecular alterations in AD.
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Chapter 1: Introduction

Apolipoprotein E4 (ApoE4) is the strongest genetic risk factor for late-onset
Alzheimer's disease (AD), increasing the risk by 3 to 12 times in individuals carrying
at least one ApoE4 allele [1]. Over the past 20 years, research has gradually unveiled
the complex role of ApoE4 in AD. It is associated not only with standard pathological
features such as amyloid-p deposition and tau protein phosphorylation but also plays
a crucial role in mediating neuroinflammation, brain metabolism, neuron growth, and
synaptic plasticity [2]. As a lipid transport protein, ApoE4 significantly affects brain
metabolism, further impairing normal brain function and exacerbating pathological
changes like amyloid deposition, tau phosphorylation, and neuroinflammation [3].
Notably, emerging clinical evidence suggests that systemic molecular alterations in
the brain occur up to 20 years before the onset of AD's pathological features,

underscoring the importance of monitoring molecular changes related to ApoE4.

Commonly used methods for metabolic/protein monitoring include LC-MS/MS for
metabolomics and lipidomics, proteomics in liquid biopsy tests, as well as positron
emission tomography (PET) scans to assess glucose consumption in the brain [4, 5].
However, most ApoE4-related research has primarily been conducted in animal
models. A significant challenge arises from the differences between animal and human
disease states and metabolic conditions, compounded by the complex environment of
the human body, various disease states, and individual variability. Translating findings
from animal studies to clinical settings is difficult due to the challenges in collecting
precise human samples. While blood and urine samples are readily accessible and can
reflect overall body metabolism, they do not provide sufficient information about
specific tissue changes. Cerebrospinal fluid and human brain samples are more
challenging to obtain but are critical for reflecting disease-related alterations.
Therefore, an analytical method that requires a small sample size, minimal sample
preparation, and allows for rapid analysis would provide valuable information and

serve as a guide for further testing.

The first chapter begins with an introduction to Alzheimer’s disease (AD),

highlighting the significance of ApoE4 in AD pathogenesis research. It outlines the



role of ApoE4 in the progression of the disease and its impact on the brain’s molecular
and cellular processes. Following this, the chapter introduces multi-omics approaches,
including metabolomics and proteomics, and their application in AD research,
demonstrating how these techniques provide deeper insights into the molecular
alterations associated with the disease. The chapter then discusses the most used mass
spectrometry-based analytical techniques for studying molecular changes in
Alzheimer’s disease, focusing on their ability to detect and quantify a wide range of
metabolites and proteins. Finally, the chapter introduces OrbiSIMS, a state-of-the-art
instrument that integrates mass spectrometry and imaging, and explores its potential
applications and future perspectives in metabolomics research and the multi-omics

field, highlighting its promise for advancing AD research and therapeutic development.

1.1 Alzheimer’s disease

Dementia is a neurological disease characterised by the gradual decline in memory,
reasoning, language skills, and the ability to perform daily tasks. There are 55.2
million people who have dementia worldwide according to World Health Organization
(WHO) 2019 report. By 2030, the prevalence of dementia is predicted to double, and
by 2050, it will triple [6]. In 2019, the number of women with dementia surpassed that
of men globally, a trend expected to continue until 2050. Furthermore, the projected
increase in dementia cases exhibits geographical heterogeneity, with lower growth
rates in high-income Asia-Pacific and Western Europe, while North Africa, the Middle
East, and eastern sub-Saharan Africa are anticipated to experience higher percentage
changes [7]. From an economic perspective, the annual global cost of dementia was
estimated at US $ 1.3 trillion for 55.2 million individuals affected by the condition.
Nearly 50% of these costs are attributed to informal caregivers, such as family
members and close friends. Additionally, 16% of the costs are direct medical expenses,
while 34% are associated with direct social sector costs [8].Currently, there is no
therapeutic method to cure dementia. While some treatments are available, they
primarily delay the progression of the disease. Overall, dementia impacts not only the

patients but also places a significant burden on families and society.



Alzheimer’s disease is the most common type of dementia, accounting for 60-70% of
all cases, affecting more than 50 million people worldwide, and is expected to rise by
over 150 million cases by 2050 [9]. Other types of dementia include vascular dementia,
Lewy body dementia, and frontotemporal dementia. Alzheimer's disease is
characterised by abnormal protein deposits, forming amyloid plaques and tau tangles
throughout the brain. In vascular dementia, cognitive decline results from inadequate
blood flow, often due to blood clots or strokes [10]. Lewy body dementia involves
abnormal deposits of a-synuclein proteins, which disrupt the brain's chemical
messengers [ 11]. Frontotemporal dementia is marked by the accumulation of abnormal
tau and TDP-43 proteins within neurons in the frontal and temporal lobes [12]. The
frontal lobe is associated with movement, reasoning, behaviour, memory, and speech,
while the temporal lobe is involved in language comprehension, behaviour, memory,

and hearing.

In the human brain, the outermost layer is the cerebral cortex, characterised by
numerous folds that increase surface area. It is divided into four lobes: frontal, parietal,
temporal, and occipital [13], as shown in Figure 1.1. The frontal lobe is the largest and
is responsible for personality, decision-making, judgement, and voluntary movement.
It processes and integrates information from the environment, emotions, and memories
to facilitate sophisticated decision-making [14]. The parietal lobe plays a crucial role
in integrating sensory information, including touch, temperature, pressure, and pain
[15]. The occipital lobe, located at the back of the brain, serves as the brain’s visual
processing centre [16]. The temporal lobe is involved in memory, emotion, and
language comprehension. Information destined for long-term memory is funnelled
through the entorhinal cortex of the temporal lobe and into the hippocampus, where

memories are created [17, 18].

The entorhinal cortex acts as a bridge between the cerebral cortex and the
hippocampus, directing various types of sensory input, such as auditory and visual
information, into the hippocampus for memory consolidation [19]. Both the entorhinal
cortex and hippocampus are highly susceptible to damage in the early stages of AD,
leading to memory deterioration [20, 21]. Two other areas near the hippocampus, the

amygdala and perirhinal cortex [22, 23], have also been implicated in early-stage AD.



As AD progresses, regions of the cerebral cortex associated with language, reasoning,
and social behaviour, including the frontal, temporal, and parietal lobes, become

increasingly affected.

A Lobes of the brain
Parietal lobe

Frontal lobe

Occipital lobe

Temporal lobe

Amygdala

ppocampus

Entorhinal cortex

Figure 1.1. An illustration of the four lobes of the cerebral cortex, along with a
diagram showing the location of the hippocampus and the key areas nearby involved
in memory. (The figure was created using BioRender.com, and refer the paper

published by Raslau et al. [24])



The majority of AD cases usually occur after the age of 65 termed as sporadic/late-
onset AD (LOAD), while the cases occur before age 65 are extremely rare, accounting
for less than 5% of all case and are described as early-onset AD (EOAD) [9]. In
addition, genetically inherited Alzheimer's patients, who usually develop the disease
before the age of 65 with more rapid rate of AD progression, constituting for only 1%-
2% of all AD cases and are termed familial/autosomal dominant AD (ADAD). Most
of ADAD attributed to amyloid precursor protein (APP) and presenilins1/2 (PSEN1/2)
mutation which can lead to the increasing of AB42 and the death of neurons [25]. More
than 90% of AD patients are LOAD that does not exhibit autosomal-dominant
inheritance and associate with some genetic factors such as the €4 allele of the

apolipoprotein E (APOE) [26, 27].

The early observations of Alzheimer’s disease were made by Dr. Alois Alzheimer
between 1902 and 1906 in a patient named Auguste Deter [28]. During the autopsy,
he noted the presence of amyloid plagues, neurofibrillary tangles, loss of neurons,
granulovacuolar degeneration, and changes in brain structure. These early findings
laid the groundwork for understanding the pathological features of Alzheimer's disease
and have been crucial for subsequent research into its mechanisms and potential
treatments. Even though it has been more than 100 years now since Alois Alzheimer
first found and described this disease, the amyloid plaques and neurofibrillary tangles
are still the standard pathological diagnosis for AD. The observation of the form
extracellular tau tangles and intracellular amyloid plaques are common in Alzheimer’s

disease patients’ autopsy brain section (Figure 1.2).
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Figure 1. 2. An illustration depicting brain atrophy in Alzheimer s patients and the
two hallmark features of AD (The figure was created using BioRender.com.). The left
graph illustrates a section of a healthy brain and neuron axons, where tau stabilises
the axon structure, and no amyloid plaques are present. In contrast, the right graph

depicts the brain of an Alzheimer s patient, showing characteristic brain atrophy.

The neuron axons highlight the formation of extracellular amyloid-beta plaques and

intracellular tau tangles, which are key features of Alzheimer s disease.

Many drugs and therapeutics in clinical trials target these two pathologies, including
reducing the AP production, increase the clearance of amyloid plaques, and inhibit the
phosphorylation of tau [29]. However, the presence of A and neurofibrillary tangles
(NFTSs) are not sufficient to fully explain the pathology of AD, indicating it as only
one piece of the puzzle of AD [30]. The most impressing development in AD is the
approval of aducanumab by the Food and Drug Administration (FDA) in June 2021,
which is the first targeted therapy of AD and the first AD drug approved by the FDA
since 2003 [31]. Aducanumab targets amyloid- to alleviate AD symptoms. But there
are still many controversies pointing to the inconspicuous effects of aducanumab in

clinical trials. It does need more clinical data and market responses to supplement the



effects on AD. The exact mechanism of AD remains unclear and requires further

investigation into its pathology.

With the development of genomics and genome-wide screening technologies,
numerous gene mutations have been associated with LOAD. Genome-wide
association studies (GWAS) have identified a wide range of genetic risk factors for
LOAD, enhancing our understanding of the underlying pathophysiological processes
such as ApoE4, TREM2, ADAMI10 and PLD3 [32]. Among these, ApoE4 is
recognised as the strongest risk gene factor, with individuals carrying ApoE4 alleles
having up to 12-fold increased risk of developing AD compared to non-carriers.
Understanding the role of ApoE4 may offer valuable insight into mechanisms driving

Alzheimer’s disease pathogenesis [33].

1.2 The strongest risk gene ApoE4 in late-onset AD

The human APOE gene is located on chromosome 19’s long arm. Two
nonsynonymous single nucleotide polymorphisms (SNPs) in exon 4 of chromosome
19 (rs429358 and rs7412) result in three isoforms including APOE2 (TGC/TGC),
APOE3 (TGC/CGC), and APOE4 (CGC/CGC) that differ at amino acid residues 112
or 158 (APOE2 112Cys/158Cys, APOE3 112Cys/158Arg, and APOE4
112Arg/158Arg) [34]. The APOE2 variant has been shown improve AD symptoms
and provide neuroprotective effects, while the presence of APOE4 increases the risk
of Alzheimer’s disease by 3 to 12 times [35]. The three polymorphic alleles of APOE
- €2, €3 and €4, have a worldwide frequency of 8.4%, 77.9% and 13.7%, respectively,

whereas for €4 allele the frequency is increased to ~40% in AD patients [36].

The APOE gene is transcribed and expressed as Apolipoprotein E (ApoE), consisting
0f299 amino acids and having a molecular weight of approximately 34 kDa. It features
two main functional regions: the receptor-binding region near amino acids 136-150
and the lipid-binding region within the carboxy-terminal domain (amino acids 244-
272) as shown in Figure 1.3 It has been suggested that the movement of N — and C-

terminal domains determines the accessibility of the receptor-binding region [37, 38].



However, in the lipid-bound form, the lipid-binding region directly interacts with lipid
particles, causing the two domains to separate. This structural change enhances the

accessibility of the receptor-binding region to receptors.
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Figure 1. 3. The genetic location of ApoE in chromosome 19 and the amino acid
differences of three allelic variants of ApoE (ApoE2, ApoE3, ApoE4), the structure of
Apolipoprotein E. Yamazaki et al. Nat Rev Neurol, (2019)

The most prevalent receptors for ApoE are within the low-density lipoprotein receptor
(LDLR) family, which includes LDLR and LDLR-related protein 1 (LRP1) [39].
Variations in amino acids at positions 112 and 158 significantly affect the structure
and function of ApoE isoforms, influencing their capacity to bind lipids and receptors.
Notably, ApoE3 and ApoE4 exhibit significantly stronger binding (50 times greater)
to LDLR compared to ApoE2 [40]. ApoE4 shows a higher affinity for triglyceride-
rich/larger very low-density lipoproteins (VLDL), whereas ApoE3 and ApoE2
predominantly bind to smaller phospholipid-rich high-density lipoproteins (HDL) [41].
LDLs transport insoluble lipids, such as cholesterol and triglycerides, from their site

of synthesis in the liver to various organs and tissues throughout the body. In contrast,



HDLs facilitate the transport of lipids back to the liver, where they are metabolised
into bile acids and subsequently excreted from the body. Due to these roles, elevated
LDL levels are associated with a higher risk of cardiovascular disease, whereas higher
HDL levels are generally considered beneficial for health.

1.2.1 ApoE in lipid metabolism

The importance and association between AD and lipids established on the finding of
the genetic risk gene of ApoE, which is a crucial mediator on cholesterol and
triglyceride metabolism [42]. ApoE is a lipid-binding protein used to deliver lipids
including cholesterol, phospholipids, and triglycerides. ApoE is mainly expressed in
the liver and brain and is secreted primarily in astrocytes in the brain followed by
microglia. Additionally, ApoE is the most abundant lipoprotein in the central nervous
system [43]. The transfer of lipids to ApoE to form lipoprotein particles is based on
the cell surface ATP-binding cassette transporters ABCA1 and ABCG1. The ApoE4
lipoprotein particle is formed by the function of ABCA1 and ABCG1, which transport
cellular biosynthetic cholesterol and lipids to bind with ApoE.

In the brain, ApoE is secreted by astrocytes, transporting cholesterol and lipids to near
neurons via ApoE receptors, such LDLR family. Xiaohui et al. probed the role of ApoE
in cholesterol, which shows that astrocytic ApoE reprogramming neuronal lipid
metabolism, stabling the neuron metabolism balance [44]. In a study based on AD and
frontotemporal dementia patients, the patients carrying ApoE4 showed more severe
brain atrophy in disease-specific regions compared to noncarriers, indicating ApoE4

carriers are at greater risk for neurodegenerative disease clinical progression [45].

Multiple studies suggest the presence of ApoE4 with the accumulation of intracellular
lipids (cholesterol, triacylglycerols (TAGs)) in human induced pluripotent stem cell
(1IPSC)-derived astrocytes and microglia, and oligodendrocytes. The accumulation of
lipid in glia has been found to link to inflammatory responses then enhance the
development of neurodegeneration disease. A study conducted in P301S tau transgenic
mice found the expression of human ApoE4 significantly elevates the level of
cholesteryl esters and lipids within microglia of P301S mice [46]. ApoE presents as
two statues in the cell, lipidated ApoE, and free ApoE. The lipidation status of ApoE



has been shown the ability of lower AP production, while the unlipidated ApoE
promotes amyloid plaques deposit [47]. These results show that lipid metabolism and
lipid-related protein are important for AD, especially ApoE4-mediated AD
progression, getting more information on lipids metabolism will deepen our

knowledge of ApoE4 in AD.

ApoE4 is not only associated with lipid metabolism but is also recognised as the
strongest genetic risk factor for AD. It has been strongly linked to multiple AD

pathologies, including the formation of amyloid plaques and neurofibrillary tangles.

1.2.2 The effect of ApoE4 on AD pathologies

Amyloid pathology

AP is produced from cleavage of f-amyloid precursor protein (APP) by B-secretase
and y-secretase. After that AP peptides aggregate into AP oligomer, protofibrils and
fibrils that are detectable in AD brain. AB42 has longer C-terminus resulting in the
feature of hydrophobicity and are prone to aggregate into oligomers and fibrils. The
amyloid cascade hypothesis has been proposed by Hardy and Higgins in 1992 [48],
positing the deposition of AP initiates the AD pathogenesis, which leads to subsequent
neurofibrillary tangles, neurons and synaptic loss, vascular damage, and cognitive
impairment. ApoE4 binds less efficiently with Af compared with ApoE3, regulating
its metabolism, clearance, aggregation, and deposition. Longitudinal cerebrospinal
fluid (CSF), Magnetic Resonance Imaging (MRI) and Positron Emission Tomography
(PET) imaging studies of preclinical stage of AD showed that amyloid deposition
began at an earlier age of ApoE4 carriers comparing with E4 non-carriers before
symptom onset [49]. Neuropathology studies of AD brain have found the correlation
of ApoE4 and intraneuronal accumulation of A, deposition of plaques in parenchyma,
and formation of neurotoxic A oligomers [50]. AP deposition in brain showed higher

in those patients carrying at least an ApoE4 allele.

A growing body of evidence has shown that ApoE4 increase the risk of AD by

influencing A production and release in neurons, as well as its clearance in glial cells.
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Also, it regulates the microglial response to amyloid plaques [51]. It has been shown
to increase AP seeding and fibrillization, resulting in increased amyloid deposition,
and to obstruct AP removal from the brain parenchyma by binding competitively to
AP receptors on glial cells. Additionally, recent study applied AD transgenic neuron
cells to investigate the interaction of ApoE with amyloid-beta, which showed the
internalised ApoE interacts with AP proteins whereas the ApoE4 increase the levels of
internalised amyloid protein in neurons [52]. Expressing ApoE4 in APP/PS1 mice
increased AP pathology, which could be reversed by deleting LRP1, which suggests
the increased AP by ApoE4 mediated by LRP1 [53]. Hashimoto et al. isolated
endogenous ApoE from tris-buffered saline (TBS)-soluble fraction of human brain to
examine the effect of it on AP oligomers. Their study demonstrated that ApoE4
increases the formation of AP oligomers [54]. Another study investigated the
interaction of ApoE fragments with different forms of AB from post-mortem brains.
The results indicate the Ap 1-42 in heteromers of 18 are highly interact with ApoE
fragments, especially in ApoE4 carriers [55]. In overall, ApoE4 associated amyloid
pathology is via binding with A proteins, promoting its oligomerisation, obstacle the

release and clearance of AP from neurons.
Tau pathology

Tau is the major microtubule-associated protein (MAP) expressed in the neuron, plays
the role in the microtubule assembly, stabilisation of neuronal axons, and regulation
of microtubule transport [56]. Different from A pathology, the phase of tau pathology
correlates with the progression of cognitive reduction. On longitudinal and cross-
sectional studies, tau- and amyloid- PET imaging, and structural MRI shows the
presence of tau was a predictor of cognitive decline, whereas amyloid was a predictor
of more severe tau-correlated cognitive impairment [57]. Interestingly, cognitive
impairment in AD brain is only found when tau seeds spread from the entorhinal cortex
into the neocortex. It suggests tau is highly correlated with cognitive decline observed
in AD patients. The direct effect of ApoE4 on tau pathology or tau-mediated
neurodegeneration is less certain, however, ApoE4 has been reported strongly

influence and exacerbate tau pathology by activating microglial [53, 58, 59].

ApoE4 carriers demonstrate greater rates of disease progression from the symptomatic
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AD individuals who have A and tau-pathology positive. A P301S tau transgenic mice
study found that ApoE4 worsens tau pathology, resulting in increased microgliosis and
increased neuroinflammatory cytokine production [60]. In addition, another study on
tauopathy mouse model found ApoE regulates neurodegeneration predominantly by
modulation microglial activation [61]. Furthermore, ApoE4 have been found that may
disrupt the blood-brain barrier function and impede AB/tau degradation by failing to
bind to LRP1 expressed on cells effectively [62].

Except for the two major hallmarks of AD, amyloid plaques and neurofibrils, another
area of AD research, innate immunity, has experienced much intense investigation in
recent years [63]. Microglia and astrocytes are the most important immune cells. The
neural functions of the cerebral microglial are remodelling synapses, clearing debris,
and supporting trophic factors for neurons. Astrocytes are considered as supporting
cells that provide trophic support for neurons and can eliminate neuronal toxicity
[64].Increasing evidence has demonstrated the prolonged neuroinflammation results
from the chronic glial activation, inducing neuronal damage and death in AD brain
[65]. Activated microglia produce reactive oxygen species (ROS) and nitric oxide
(NO), which can injure and kill neurons. Additionally, stressed neurons may release
death signals and subsequently be phagocytosed by activated microglial cells.
Moreover, activated microglia can crosstalk with astrocytes which involves the
upregulation of inflammatory mediators and neurotoxic substances that damage
neurons, coupled with a reduction in trophic support function. Compared to ApoE3,
the expression of ApoE4 in the microglia of a mouse model results in cognitive
impairment and reduces the number of microglia surrounding amyloid- plaques by

impairing lipid metabolism [66].

Additionally, ApoE4 has been strongly linked to vascular impairment and the
breakdown of the blood-brain barrier (BBB). A recent study investigated the
mechanism of ApoE4 in vascular damage was independently with amyloid-beta and
was via cyclophilin A-matrix metalloproreinase-9 BBB-degrading pathway [67]. In
addition, the impairment of synaptic integrity and alteration of the gut microbiota has
been reported associated with ApoE4 [68-70]. Supplementation with short-term
antibiotics in tauopathy mice model (P301S) reduced tau pathology and
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neurodegeneration in ApoE4 carrier mice, suggesting potential therapeutic approaches

for treating conditions in the presence of ApoE4.

The exact function of ApoE lipoproteins in brain cells—and how ApoE4 alters this
function—remains incompletely understood. Figure 1.4 summarises current findings
on the relationship between ApoE and amyloid-f (AB) pathology. In the brain, ApoE
is primarily secreted by astrocytes, where it binds to lipids via ABCA1 to form
lipoproteins. These lipoproteins can then bind to soluble AB, which is released from
neurons. The resulting ApoE—AB complexes interact with lipoprotein receptors such
as LRP1 and LDLR on microglia, astrocytes, and cells of the blood-brain barrier
(BBB), facilitating A clearance.
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Figure 1. 4. The role of ApoE in amyloid-$ transport and clearance in brain cells,
and the impact of ApoE4 on Alzheimer's disease pathogenesis

In the presence of the ApoE4 isoform, the binding affinity between ApoE and A is
reduced, leading to increased AP aggregation and plaque formation. ApoE4 has also
been shown to impair AP clearance mechanisms, further exacerbating amyloid
pathology. In addition, increasing evidence points to ApoE4’s strong association with
neuroinflammation and the formation of neurofibrillary tangles, both key features of

Alzheimer’s disease. These findings indicate that ApoE4 contributes to multiple
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aspects of AD pathology, shaped by the complex cellular environment of the brain. A
deeper understanding of ApoE4’s effects across different brain cell types may support
the development of more effective therapeutic strategies for individuals carrying the

ApoE4 allele.

1.2.3 The therapeutic strategies targeting ApoE

Several clinical studies using animal models and human-derived stem cell models
have been conducted to investigate ApoE-associated therapies, highlighting the
significant potential of targeting ApoE in AD treatment. For example, selective
removal of astrocytic ApoE4 showed the strong protection on tau-mediated
neurodegeneration in P301S mice model [71]. In 2019, a phase 1 trial of gene-therapy
approach began, aiming to evaluate the tolerable dose of LX1001 in AD patients who
carry two ApoE4 alleles and were diagnosed with mild cognitive impairment to
moderate dementia. LX1001 is a gene therapy method using AAVrh.10 hApoE2-HA
vector to deliver an ApoE2 expression cassette, which have been found increasing
brain expression of ApoE2, and decreased AP levels and amyloid deposition in mice
models [72-74]. Jackson et al. reported a gene therapy by exposing APP/PS1 mouse
brain to ApoE2, leading to the reduction of AP plaque deposition, synaptic loss, and
microglial activation [75]. The phase I clinical trial of LX1001 is set to end in April

2024, a five-year follow up to assess safety and biomarkers will run until 2028.

Bexarotene Targeting on lipids associated receptor is found to have the ability to
reduce neurodegeneration. A study suggests the effect of liver-X receptor (LXR)
agonist GW3965 on reduction of tau pathology and glial inflammation and synaptic
deficits in ApoE4 carrying P301S mice [46]. The neuroprotection of LXR agonist is
mediated by ATP binding cassette transporter A1 (Abcal), therefore, overexpression
of Abcal in the brain of ApoE4 mice reduces lipid accumulation in microglia and

ameliorates tau pathology, and synapse loss.

Peroxisome proliferator-activated receptors (PPARs) are nuclear receptors which

mediate the expression of lipid genes including APOE and ABCAL1. Rosiglitazone, a
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PPAR-y agonist, demonstrated memory improvement in mouse AD models but
showed no significant effect in clinical trials. Modulating the lipidation of ApoE such
as targeting ABCA1 has been shown the benefits for reducing AD pathologies. Those

therapeutic approaches are still in preclinical stage, more work needs to be done.

Therapies targeting the gut microbiota have been proposed as a potential approach to
alleviate and slow the progression of AD. Studies using AD mouse models have shown
that AD amyloidosis is exacerbated when gut microbiota from AD mice are transferred
into germ-free mice [76]. GV-917, a marine-derived oligosaccharide, has been studied
for its effects in reducing amyloid plaques and inhibiting neuroinflammation [77-79].
Most recently, Bosch ef al. reported the effects of GV-971 on gut microbiota, AP, and
microglia activation in the APPPS1-21 mice model [80]. Their results demonstrated
that GV-971 reduced amyloid plaques and neuroinflammation by altering gut
microbiota and microglia, highlighting the essential role of microbiota-microglia-
amyloid axis. Although several recent studies have suggested that ApoE isoforms
differentially affect the gut microbiota [69, 81], it remains unknown whether the effect

of GV-971 on AD improvement involves ApoE isoforms.

1.3 Multi-Omics Application for ApoE4-Associated

pathogenesis mechanisms in AD

For such complicated pathological mechanisms of ApoE4 in Alzheimer’s disease,
growing evidence supports the concept of multi-omics in identifying key disease-
related molecular alteration and disease-progression-related changes [82, 83]. Multi-
omics approaches encompass genomics, transcriptomics, proteomics, and
metabolomics, each focusing on a specific target: genes, RNA, proteins, or small

metabolites, respectively.

Genomics, often using genome-wide association studies (GWAS), is widely applied
to identify genetic differences between AD patients and healthy individuals, aiming to
uncover genetic risk factors for AD. In addition to ApoE4, which is the strongest risk

gene for AD, other genes such as TREM2, SORL2, ABCA7, ABCA1, and ADAMI10
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are also highly associated with an increased risk of AD [32, 84]. For the past few
decades, transcriptomics and proteomics have been applied widely in
neurodegenerative disease to investigate gene expression and help explain phenotypes
of diseases. Giuseppe et al. applied multi-omics methods, which includes single-
nucleus RNA-sequencing, phosphoproteome and proteome analysis, to study the
effect of ApoE4 on mice blood-brain barrier and synaptic dysfunction [85]. They
found that the strong association of early disruption of BBB transcriptome in ApoE4
knock-in mice compared with ApoE3, and dysregulation in protein signalling
networks in brain endothelium, as well as transcription and RNA splicing suggestive

of DNA damage in pericytes.

Multi-omics studies that combine transcriptome and proteomics analyses offer a
comprehensive view of ApoE4-related molecular mechanisms; however, gene
expression levels often show poor correlation with protein levels in AD brain tissue
due to the complexity and variability of translation process. Therefore, genomics or
transcriptomics do not provide a complete map of pathogenic changes in AD, and
much recent research applied metabolomics technology as a complement tool to get a
whole better view on disease-related molecular alteration. This section will explore
the application of metabolomics and proteomics in investigating ApoE4-related
mechanisms in Alzheimer's disease. Key analytical tools commonly employed in these

studies will be reviewed, along with a discussion of current challenges in multi-omics.

1.3.1 Metabolomics

Metabolomics is a powerful approach, a large-scale study of small molecules includes:
sugars, lipids, amino acids, fatty acids et al [86], unlike other “omics” measurements,
metabolites and their concentrations directly represent the underlying metabolic
activity and condition of the cell [87]. Thus, metabolomics refers to the complete set
of metabolites within a cell, tissue, or biological sample at a given time point, and it
best depicts the molecular phenotype [88]. Analytical platforms such as mass
spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy are the
cornerstone techniques in metabolomics. MS, often coupled with separation methods
like liquid chromatography (LC-MS) or gas chromatography (GC-MS), provides high
sensitivity and specificity for detecting a wide range of metabolites. NMR
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spectroscopy, while less sensitive, offers unparalleled reproducibility and the ability

to analyse metabolites in a non-destructive manner.

According to the latest release of the Human Metabolome Database (HMDB 5.0),
the number of metabolite entries specific to humans has increased to 217,920
compounds [89]. Due to the complexity and vast number of metabolites, there is
currently no standardised system for their categorisation. Common classification
methods include grouping metabolites based on their involvement in specific
pathways, such as amino acid metabolism, lipid metabolism, the tricarboxylic acid
(TCA) cycle, and glycolysis. Another approach is to classify them based on their
chemical characteristics, such as organic acids, amino acids, lipids, sugars, vitamins,

and nucleic acids.

In this thesis, metabolites are classified based on the KEGG Compound Database,
which provides a framework for categorising molecules by their structural and
functional properties. Amino acids (AAs) are a class of compounds characterised by
a central carbon atom bonded to an amino group (-NHz), a carboxyl group (-COOH),
a hydrogen atom, and a distinctive side chain that defines their specific chemical
behaviour. AAs are essential in numerous biological processes, serving as the building
blocks of proteins and contributing to cellular structure, function, and signalling. They
also participate in a wide range of metabolic pathways critical to physiological
regulation [90]. Carbohydrates comprise a broad group of metabolites containing
carbon (C), hydrogen (H), and oxygen (O), and are involved in key metabolic
pathways such as glycolysis and the tricarboxylic acid (TCA) cycle. Nucleotide
metabolism-related metabolites typically contain carbon, hydrogen, oxygen, nitrogen,
and phosphorus (C, H, O, N, P), and play essential roles in energy transfer, genetic
information storage, and signalling [91]. Another major class of metabolites is lipids,
which will be discussed on the following page. In addition to endogenous metabolites
produced or metabolised within the host organism, metabolites can also originate from
external sources, such as microorganisms, dietary intake, and other exogenous factors.
The biological functions of metabolites include energy production and storage, cell
signalling, serving as intermediates in the biosynthesis of essential biological

macromolecules, and acting as end-product waste that can influence cellular function
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[92]. Metabolites are well known to act as co-substrates in regulating protein post-
translational modifications (PTMs). Key metabolites such as ATP, acetyl-CoA, and
NAD™ play critical roles in histone PTMs [93]. Increasing evidence suggests that the
regulation of immunity is linked to PTMs mediated by lipids, amino acids, and
polyamines, which alter enzyme activity and disrupt protein-protein interactions [94].
Additionally, lipids like fatty acids and phospholipids serve not only as building
blocks for cell membranes but also as crucial interactors with membrane proteins,
facilitating various protein transport processes and functions [95, 96]. Protein
lipidation is a type of post-translational modification in which lipid moieties are
covalently attached to proteins. This modification alters the hydrophobicity and
conformation of the protein, leading to changes in its functions and interactions with
other ligands or proteins.

Lipids were considered a subset of metabolites, and in the coming era of precision
medicine, the biomedical community has shifted its focus to lipids in a big manner,
accounting for lipids as a substantial fraction of all metabolites. In addition, in the last
five years, rising interest has attracted a new generation of scientists who see lipids in
a new light, as a component of a larger big data picture. The enormous development
of lipidomic is due to the advances in analytical tools of mass spectrometry, which led
us to gain a depth understanding of lipids in AD pathogenesis [97].

Based on the classification system proposed by Fahy et al. (2005) [98], lipids are
categorised into eight major classes: fatty acyls, glycerolipids, glycerophospholipids,
sphingolipids, sterol lipids, prenol lipids, saccharolipids, and polyketides [99].
Example structures for each lipid class are presented in Figure 1.5. This classification
system has been widely accepted and is used internationally in lipidomics research.
Fatty acyls (FAs) are a diverse group of molecules synthesised through the chain
elongation of an acetyl-CoA primer with malonyl-CoA (or methymalonyl-CoA) units.
They may include cyclic structures or substitutions with heteroatoms such as oxygen,
nitrogen, sulfur or halogens. The simplest fatty acyls are straight-chain saturated fatty
acids with a terminal carboxylic acid group - palmitic acids (FA 16:0) being a common
example. Derivatives include branched-chain fatty acids, heteroatom-containing fatty

acids, and fatty acids with three to six-membered cyclic or heterocyclic rings.
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Glycerolipids consist of mono-, di, and tri-substituted glycerols, with triglycerides
(TAG) being the most well-known example. Glycerophospholipids, closely related to
glycerolipids, are distinguished by the presence of a polar head group at the sn-3
position of the glycerol backbone in eukaryotes (or sn-1 position in archaebacteria).
Common head groups include choline, ethanolamine, inositol, serine and glycerol,
forming phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylinositol (P1), phosphatidylserine (PS) and phosphatidylglycerol (PG),

respectively.

Sphingolipids (SP) are a complex group of compounds that featuring a common
structure: a sphingoid base backbone, which is synthesised de novo from serine and a
long-chain fatty acyl-CoA. This backbone is further modified to produce ceramides,
phosphosphingolipids, glycosphingolipids, and other derivatives. Sterol lipids are
characterised by fused four-ring core structure that forms the basis of compounds
like cholesterol and steroid hormones. Prenol lipids are derived from five-carbon
isoprene units, such as 2E,6R-dolichol (shown in Figure 1.5). These lipids are
biosynthesised through the condensation of isopentenyl diphosphate and
dimethylallyl diphosphate. Saccharolipids are a class of compounds in which fatty
acids are directly linked to a sugar backbone, forming lipid structures that
incorporate carbohydrate-derived components. Polyketides are synthesised through
the polymerisation and successive condensation of simple carboxylic acid units, and
are typically produced by bacteria, fungi, and plants. These compounds are

structurally diverse and include many bioactive natural products.
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Figure 1.5. Example lipid structures representing eight major lipid classes: fatty
acyls, glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, prenol lipids,
saccharolipids, and polyketides.

20



Lipid nomenclature has been standardised by the International Union of Pure and
Applied Chemistry and the International Union of Biochemistry and Molecular
Biology Commission on Biochemical Nomenclature [98, 99]. Fatty acids are
numbered starting from the carbon atom of the carboxyl group and unsaturation is
indicated by the number of double bonds. For example, palmitic acid is denoted as
C16:0. The stereospecific numbering (sn) system is used to describe the position of
fatty acid chains in glycerolipids and glycerophospholipids. The E/Z system (rather
than trans/cis) defines the geometry of double bonds, while the R/S system (rather than
a/f or DJ/L) is used to describe stereochemistry. Abbreviations for
glycerophospholipids - such as PC, PE, PIl, and PS—refer to molecules with one or
two radyl side chains. The structures of these side chains are indicated within
parentheses using the format Headgroup (sn-1/sn-2). For example, PC (16:0/18:1(92))
represents a phosphatidylcholine with a 16:0 fatty acid at sn-1 and an 18:1(92) fatty
acid at sn-2. These molecules typically exhibit R stereochemistry at the C2 position of
the glycerol backbone, with the headgroup attached at the sn-3 position. Similarly, the
abbreviations TG (triacylglycerolipids), DG (diacylglycerolipids), and MG
(monoacylglycerolipids) refer to glycerolipids containing one to three side chains,
denoted in the format Headgroup (sn-1/sn-2/sn-3). An alkyl ether linkage is indicated
by the prefix 'O-', while a (12)-alkenyl ether species is indicated by the prefix 'P-'—
for example, DG (0-16:0/18:1(92)/0:0). In cases where the regiochemistry and
stereochemistry of the side chains are unknown, simplified notations such as PI 38:3
are used. Here, the numbers refer to the total number of carbon atoms and double

bonds across all side chains.

Lipid is an essential component of the cell that modulate membrane stability, transmit
cellular signal and stabilize synapsis. About 50 % weight of the dry brain is lipids, also
the brain is the richest lipid organ except for adipose tissue. Clinical trials show that
adipose inclusion was formed in the AD brain [100]. Increasing evidence shows that
the dysfunction of lipids pathways, lipids raft alteration, and lipid peroxidation, is
associated with Alzheimer’s disease pathogenesis, including impaired synaptic
plasticity, increased amyloid plaques, and p-tau [101]. First, lipid modulates the
transportation and proteolytic activity of membrane proteins include APP, BACE1 (B-

site amyloid precursor protein cleaving enzyme 1), presenilins, and ApoE. Second, the
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markers of AD, AP and tau protein exert the neuronal injury primarily by disrupting
membrane structure. Third, lipids may modulate the neuropathology of AP and tau.
Much attention has been focused on cholesterol metabolism in AD, besides, other
lipids, such as sphingolipids, phospholipids, and fatty acids, also are important in AD
progression [102]. Cholesterol- and sphingolipid-enriched micromembrane
environment (lipid rafts) was approved that able to decrease BACEI and y-secretase
activity that resulting in the reduction of AP [102]. Lipids rafts are the two-layer
membrane with a combination of cholesterol, sphingolipids, and fatty acid. The outer
layer is constituted by PC and sphingomyelin, the inner layer is PS, PE, and PI.

Metabolomics methodologies are broadly classified into two types: untargeted and
targeted metabolomics. Untargeted metabolomics aims to detect and include as many
molecules or metabolites as possible in a sample, without prior knowledge of their
identity [103]. The resulting datasets are often complex, requiring computational tools
for metabolite identification and data interpretation. Targeted metabolomics, on the
other hand, is conducted based on prior knowledge [104]. Extraction and analysis
methods are specifically optimised for a particular class of metabolites or a metabolic
pathway of interest. Compared to untargeted approaches, targeted metabolomics

offers higher detection sensitivity and selectivity.

1.3.2 Metabolomics Advances Applied in AD

Over the past decades, metabolomic studies found that systematic metabolism
dysfunction occurs for up to 20 years before the onset of AD pathological features,
such as decreased glucose metabolism and increased level of total tau in the
cerebrospinal fluid [105]. Several metabolomics studies in both animal models and
humans have been conducted to monitor metabolic changes associated with the
progression of AD [106, 107]. These studies highlight metabolomics as a promising
tool for early disease diagnosis and for advancing research into the mechanisms of AD.
Decreased glucose metabolism in the brains of AD patients has been confirmed by
multiple clinical studies using the Fluorodeoxyglucose positron emission tomography
(FDG-PET) technique [108, 109]. In 2009, Purandare ef al. carried out metabolomics
to identify biomarkers in the serum of AD patients using GC-TOF-MS and UPLC-
LTQ-Orbitrap [110]. Another study applied flow injection MS and LC-MS/MS to
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investigate glucose and glycolytic amino acid-targeted metabolomics in postmortem
human brain tissue. The results showed that higher glucose concentration, reduced
glycolytic flux, and lower glucose transporter-3 (GLUT3) are related to the severity
of AD pathology [111].

With the discovery of apolipoprotein E4 (ApoE4) as the major risk gene for LOAD,
lipid homeostasis raises increasing interest in investigating the potential role of lipid
metabolism in AD development [35]. A large amount of evidence suggests that the
dysfunction of lipid metabolism pathways is associated with AD pathogenesis, leading
to impaired synaptic plasticity, increased amyloid plaques, and hyperphosphorylated
tau [112, 113]. Furthermore, ApoE4 affects energy metabolism by disturbing glucose
uptake and biomolecular biosynthesis [114]. Lee et al. integrate single-cell RNA
sequencing and metabolomics technologies to systematically characterise ApoE4’s
role in microglial response, found that ApoE4 microglial displays the disruption of
aerobic glycolysis and lipid metabolism pathway [115]. A study of targeted LC-
MS/MS metabolomics showed that ApoE4 disturbed neuron-astrocyte coupling of
fatty acid metabolism and inhibited astrocytic ApoE4 impeding the progression of tau-
mediated neurodegeneration [116]. ApoE4 has been found not only relation to the
function of neuron, astrocyte and microglia [117], but also impairs the myelination of
oligodendrocytes via cholesterol dysregulation [118]. A multi-omics study combining
single-cell transcriptomics profiling and lipidomic analysis of post-mortem human
brains, conducted by Blanchard et al. [118], revealed abnormal cholesterol deposition
in oligodendrocytes. Oligodendrocytes are a type of cell in the central nervous system
responsible for producing the myelin sheath, which insulates nerve fibres and

enhances the electrical activity of neurons.

The impact of ApoE4 on lipid signatures varies regionally, as demonstrated by a
lipidomic study conducted on 14—15-month-old APOE3/3, APOE3/4, and APOE4/4
targeted replacement mice [119]. The results revealed that the entorhinal cortex is
more susceptible to ApoE4 expression compared to the primary visual cortex, showing
a decrease in diacylglycerol levels and an increase in ceramide and glycosylated
sphingolipids. An increasing number of metabolomics studies on ApoE4 have

highlighted its impact on glucose and lipid metabolism across various central nervous
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system (CNS) cell types, as well as its differing effects in distinct brain regions. This
suggests that ApoE4 may play diverse roles depending on the cell type and brain
region. These findings underscore the need for more comprehensive metabolomics
studies to fully understand the role of ApoE4 in AD and to advance therapeutic
development for ApoE4-related AD. Several studies investigating ApoE4 are mostly
based on the transgenic animal model [120]. Although human iPSC (induced
pluripotent stem cells)-derived neural stem cells were applied in the recent preclinical
studies to investigate the potential mechanism of ApoE4 [68], however, the lack of
sensitive and efficient metabolomics screen platforms has limited the ability to
simultaneously study the dozens of different metabolites that may be affected in the
presence of ApoE4, resulting in ignorance of other related metabolites that may be

involved in ApoE4 carriers.

1.3.3 Proteomics

Proteomics, like metabolomics and lipidomics, is a branch of 'omics' science that
investigates the interactions, functions, and structures of proteins on a large scale.
Proteomics is typically categorised into three types: expression proteomics, which
quantitatively and qualitatively studies protein expression to identify differences
between disease and control conditions; functional proteomics, which examines
protein-protein interactions to elucidate cellular signalling pathways; and structural
proteomics, which uses techniques like NMR spectroscopy and X-ray crystallography

to determine the 3D structure of proteins.

Mass spectrometry (MS), particularly LC-MS/MS, is the most widely used tool in
expression and functional proteomics [121]. This approach is applied through two
primary workflows: bottom-up and top-down proteomics. In the bottom-up approach,
proteins are digested into peptides (e.g., with trypsin), separated via liquid
chromatography, and then analysed by MS to identify sequences and post-translational
modifications. Conversely, the top-down method analyses intact proteins directly,
preserving post-translational modifications and other structural features, although it
can be less effective for low-solubility proteins. Both methods rely on measuring the

mass-to-charge ratio of peptides or proteins and computational tools to decode amino
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acid sequences and modification sites. In addition to these workflows, modern
proteomics techniques have advanced to decipher not only protein sequences but also
their 3D structures and protein-protein interactions, offering deeper insights into

cellular processes and disease mechanisms.

Mass spectrometry-based proteomics has been widely applied in Alzheimer’s disease
research, utilising samples such as cerebral spinal fluid, serum, brain tissue, and
patient-derived neuron cells [122]. Proteomics has been increasingly employed in
Alzheimer’s disease pathogenesis research, encompassing studies ranging from
cellular pathology investigations to clinical biomarker characterization for the
development of early Alzheimer’s disease diagnosis and the differentiation of various
types of the disease. A proteomics study by Yun Ju et al. suggests that the combined
analysis of proteins in the brain, cerebral spinal fluid, and plasma could identify
markers for sporadic and genetic forms of Alzheimer’s disease [122]. Another
cerebrospinal fluid proteomic study investigated proteins correlated with autosomal
dominant AD and found that SMOC1 and SPONI proteins were elevated in AD
cerebrospinal fluid nearly 30 years before the onset of symptoms [123]. In addition,
an integrated proteomics study conducted by Lenora Higginbotham ef al. found that
five protein panels, including synaptic, metabolic, glial-enrich myelination and
immunity panels, could serve as cerebrospinal fluid biomarkers in asymptomatic and

symptomatic Alzheimer's disease [124].
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1.4 The advanced analytical methodologies apply for

studying molecular alteration in Alzheimer’s disease

Mass spectrometry (MS)-based analytical techniques are among the most widely used
methods for investigating molecular alterations. A general mass spectrometry system
comprises four key components: a sample inlet, an ion source, a mass analyser, and a
mass detector, as illustrated in Figure 1.6. This figure also includes the setup for
tandem mass spectrometry (MS/MS). In standard MS, a single mass analyser is used
to separate ions based on their mass-to-charge (m/z) ratio. In contrast, MS/MS
typically involves two mass analysers. The first mass analyser (MS1) selects and filters
precursor ions within a defined m/z range. These selected ions are then transferred to
a collision cell, where they undergo fragmentation, commonly via collision-induced
dissociation (CID). The resulting fragment (product) ions are subsequently analysed
by the second mass analyser (MS2), allowing for enhanced structural elucidation and

improved specificity in complex mixtures.

MS/MS )
Sampleinlet lonisation MS1 Collision cell MS2 Detector
(Selection of parention) (Fragmentation) (Selection of parention)
+ - & +
0% . 2b%e - 00— ~+
T - 5 DS _— Y

Figure 1.6. Basic components of a mass spectrometry instrument, including the

sample inlet, ion source, mass analyser, and detector.

For detecting molecular alterations affected by various disease conditions or
treatments, the common approach can be divided into detecting small molecules, such
as metabolites and lipids, and large molecules, such as proteins, DNA, and RNA. For
high-throughput detection of small molecules as mentioned previous, the most
common methods are liquid chromatography or gas chromatography coupled with
tandem mass spectrometry (LC-MS/MS or GC-MS/MS), which are known as
metabolomics and lipidomics studies, depending on the chemical properties of the

extracted metabolites [125]. GC-MS is suitable for analysing volatile and semi-
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volatile metabolites, while non-volatile substances require derivatisation before GC-
MS detection. Currently, LC-MS/MS is the most widely used tool for metabolomics,
as it does not require complex derivatisation during sample preparation, and enables
the analysis of a wide variety of small molecules [126]. Similar to metabolomics, LC-
MS/MS is also one of the most commonly used techniques in proteomics studies.
However, it requires more complex sample preparation methods for protein extraction

and digestion compared to other techniques.

1.4.1 Liquid-chromatography mass spectrometry

LC-MS is a highly sensitive and specific tool for the separation and identification of
compounds [127]. It combines liquid chromatography (LC) to separate chemical
species with high-resolution mass spectrometry (MS), which provides accurate
molecular weight information for compound annotation and identification. The
separation of molecules is based on their affinity for the mobile and stationary phases.
The most used LC methods are reversed-phase liquid chromatography (RPLC) and
hydrophilic interaction liquid chromatography (HILIC) [128]. RPLC employs
hydrophobic stationary phases, such as C18, with a hydrophilic mobile phase, making
it ideal for separating polar and medium-polar metabolites. In contrast, HILIC uses a
hydrophilic stationary phase combined with a mobile phase containing a high
concentration of organic solvent, allowing for the retention and separation of

hydrophilic compounds in the sample.

The workflow of LC-MS/MS metabolomics could be summarised in four steps:
sample preparation, separation and detection of metabolites, and data analysis [129].
Biological samples are quenched immediately to arrest metabolism, preventing stress-
responsive metabolites produced from the sample preparation process. Next,
extraction and enrichment are conducted for depleting proteins and other matrices to
concentrate metabolites within samples. The mixed metabolites are then separated by
the LC system, where the sample components are separated based on their interactions
with the mobile and stationary phases. After separation, the liquid metabolites flow
out from the LC column, are desolvated into the gas phase, and are then introduced
into the mass spectrometer. For detection in a mass analyser, molecules or metabolites

must first be charged through ionisation. Most LC-MS-based metabolomics studies
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utilise electrospray ionisation (ESI) [130, 131], a widely used technique due to its
compatibility with a broad range of metabolites. However, for metabolites that do not
ionise efficiently with ESI, atmospheric-pressure chemical ionisation (APCI) serves
as an alternative method, providing improved ionisation for less polar or non-polar

compounds [132, 133].

It is generally accepted that metabolite quenching methods and extraction processes
can cause the loss of metabolites [128, 134]. Furthermore, a large amount of sample
material is required, typically at least 10 mg of tissue or 1 million cells, for LC-
MS/MS-based metabolomics. Different sample extraction systems and solvents are
required for various metabolites, such as methanol/water for polar and
isopropanol/chloroform for non-polar metabolites, and the destructive structure of
biological samples during processing may result in an incomplete metabolic
profile [135]. Mostly, destructive sample preparation makes it unable to get the
localisation of species in samples. Therefore, a method capable of detecting multiple
metabolite species and mapping their localisation within biological samples could
provide further insights into the effects of ApoE4 across different cell types. For the
first time, we propose adopting the state-of-the-art Orbitrap Secondary Ion Mass

Spectrometry (OrbiSIMS) as a metabolomics screening tool to address this issue.

OrbiSIMS is a hybrid SIMS instrument originally developed for metabolomics and
drug delivery studies in biological samples, including single-cell analysis. It combines
the high mass resolution of an Orbitrap MS with the low mass resolution but high
imaging speed of a ToF MS. In the next section (1.5), the principles and structure of
SIMS and OrbiSIMS will be introduced, along with a discussion of the different
ionisation mechanisms of SIMS compared to other commonly used ionisation methods

in LC-MS/MS.

1.4.2 Orbitrap Secondary ion mass spectrometry (OrbiSIMS)

Secondary ion mass spectrometry (SIMS) is a highly sensitive analytical technique
capable of describing the chemical composition and distribution of a sample’s surface,
near surface, or bulk regions. It utilises various primary ion sources to impact the

surface, generating secondary ions (positively charged and negatively charged ions),
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neutrals and radicals through a collision cascade. Then these generated secondary ions
are extracted and analysed by a mass analyser [136]. Positively charged ions are
produced through protonation, while negatively charged ions are generated via
deprotonation. The process also includes fragments or ions formed by rearrangement
and the loss of neutral fragments. There are general two modes of SIMS analysis: static
SIMS and dynamic SIMS, distinguished by the extent of damage to the sample surface
caused by the primary ions [137, 138]. Static SIMS collects and analyses only the
surface of sample, focusing on the top monolayer using a low primary ion dose. In
contract, dynamic SIMS employs a higher energy ion beam that exceeds the ‘static’
limit, resulting in surface damage. This mode is used for depth profiling, allowing the

collection of information from beneath the surface.

Surface analysision beam Sputterion beam
(e.g. Liquid metal ion beam) (e.g. Gas cluster ion beam)

Figure 1.7. The schematic illustrates the formation of secondary ions from a
primary ion beam bombardment on the surface of samples: A) an example of a

surface analysis ion beam, such as LMIG, and B) a sputter ion beam, such as GCIB.
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Commonly used SIMS Ion sources

Various primary ions are used in SIMS, including monatomic ions, small cluster ion
beams (such as Ar®, Cs*, Aus”, Bi", Bis"), as well as cluster ion beams like Cso", and
larger clusters like GCIB Ariooo . These primary ions have energy levels ranging from
5 to 40 keV. Early-stage SIMS analysis used monoatomic ion beams with high energy
will cause the damage of organic and biological samples, therefore it is suitable for
more hard inorganic sample analysis. To expand the application of SIMS biological
samples, many cluster ion beams has been developed with lower energy such as Ceo ",

Ary', (H20)a" and (CO2)a" [136].

Liquid metal ion gun (LMIG) and gas cluster ion gun (GCIB) are the most used ion
beam for SIMS instrument. Bismuth (Bi) is the most commonly used liquid metal ion
gun (LMIG) due to its high sensitivity for surface analysis, achieving spatial
resolutions of up to 100 nm in biological samples [139]. The small spot size (< 100
nm) of liquid metal ion beam makes it ideal for high-resolution imaging analysis,
however, the small, high-energy ions can penetrate the surface cause sub-surface
damage as well as producing considerable fragmentation, making depth profiling

unreliable.

Argon is the most widely used gas cluster ion beam (GCIB) for the analysis of organic
and biological materials because of its ability to produce larger fragment ions. The size
of Argon gas clusters ranges from 1,000 to 6,000, depending on the goals of the
analysis [140]. Gas cluster ion beam has the feature of high-energy (1-70 keV) and
large spot size (1.2-250 um), making it ideal for sputtering organic matter with less
fragmentation. The argon gas cluster ion beam is the most used GCIB in SIMS, due to
its inert gas feature that forms clusters easily. The larger spot size of GCIB allows the
distribution of ion energy across all constituent atoms/molecules, resulting in a very
gentle sputtering effect and almost no damage to layers underneath. GCIB is also
commonly used as a sputter ion beam and is frequently coupled with Bismuth LMIG

for 3D imaging of biological samples.

In 2013, a novel water cluster ion beam was reported by the Vickerman group,
demonstrating higher signals for protonated ions when using (H20)," ions, which

produce larger fragments. The use of water clusters has been shown to enhance lipid
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signals in brain tissue sections from a mouse model of Alzheimer’s disease [141].

Ionisation

The ionisation process in SIMS involves bombarding the sample surface with primary
ions to generate secondary ions. The energy of these primary ions ranges from 5 to 40
keV, which is significantly higher than that of traditional ionisation methods in mass
spectrometry, such as electrospray ionisation, typically operating in the range of tens
to hundreds of eV [142]. This traditional method is widely used in LC-MS/MS for

metabolomics and proteomics studies.

As a result, the spectra produced in SIMS not only include ions typically generated by
traditional ionisation methods, such as protonated and deprotonated ions in both
polarities, but also a variety of other fragments that may arise from the breakage of
molecular ions, ion rearrangements, recombination, and more [143]. Additionally, the
intensity of fragment ions is often greater than that of molecular ions, and the choice
of primary ions used can significantly influence both the formation and intensity of

these fragments.

Besides the energy of the primary ions, another crucial factor impacting ionisation—
particularly in the analysis of biological samples—is the matrix effect [144]. Since
ionisation in SIMS occurs at the sample surface, the surface environment significantly
affects the electron exchange process, influencing the formation and efficiency of
secondary ions. These factors contribute to the challenges of applying SIMS in
quantitative analysis, as the ion intensity within a sample is not necessarily

proportional to its concentration.

Mass analyser in SIMS

Time-of-flight (ToF) mass spectrometry is the most employed mass analyser in SIMS.
In ToF-SIMS instruments, pulsed primary ion beams bombard the surface of the
samples, generating secondary ions. Subsequently, a pulsed extractor voltage is
applied to extract these secondary ions into the mass detector. All extracted ions are
accelerated forward with the same kinetic energy. Although all the ions possess the
same energy, they exhibit different velocities due to variations in mass, resulting in

separation based on the mass-to-charge ratio. Smaller ions travel faster and reach the
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detector more quickly than larger ions.

Time of flight is the most widely used mass analyser in SIMS imaging analysis, due
to its high-speed imaging ability, high spatial resolution, and good mass resolution.
The application of ToF-SIMS extends from engineering, materials analysis to
biological samples analysis [136, 145]. However, the limited mass resolving power
and mass accuracy of ToF-SIMS restrict its application in biomedical research. This
limitation arises because a large number of organic molecules within biological
samples share similar elements, such as carbon (C), hydrogen (H), oxygen (O),
nitrogen (N), phosphorus (P), and sulfur (S), making it challenging to accurately
differentiate between them. As a result, the ability of ToF-SIMS to identify and
quantify specific biomolecules in complex biological systems is constrained. To fill
this gap of SIMS, a hybrid SIMS instrument - OrbiSIMS has been introduced by
combining the high mass resolution of Orbitrap MS with the high-speed imaging of
ToF MS (mass resolution >240,000 and 11,000 amu for the Orbitrap and the ToF,
respectively) [146]. Orbitrap mass spectrometry separates ions based on their
oscillation frequencies in an electric field [147]. When ions enter the Orbitrap, they
are captured through electrodynamic squeezing. Once captured, the ions oscillate
around a central electrode and between two outer electrodes. Different ions oscillate
at distinct frequencies, which are then converted into a mass spectrum by an image
current detector. For example, Figure 1.8 shows a comparison between ToF-SIMS and
OrbiSIMS spectra. A peak in the ToF-SIMS spectrum may represent multiple peaks or

ions that cannot be separated due to similar mass-to-charge ratios.
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Figure 1.8. A comparison example of ToF-SIMS and OrbiSIMS spectrum. For the
peak m/z 114.0320 in ToF-SIMS data, it corresponds to multiple ions in OrbiSIMS
spectrum. The ToF-SIMS spectrum was collected using the ToF-SIMS V instrument
equipped with a 25 keV Bis* liquid metal ion gun (LMIG) for surface imaging
analysis of test tissue homogenate samples. Subsequently, the OrbiSIMS depth
profile analysis was performed on the same sample using a gas cluster ion beam

(GCIB) with 20 keV Arsooo" argon clusters and a 20 um beam.

OrbiSIMS integrates both ToF and Orbitrap analysers, with both sharing the same
SIMS extraction optics, as illustrated in Figure 1.9a [146]. After extraction, ions can
be directed into either the ToF or Orbitrap analyser by switching an electrostatic 90-
degree deflector. For ions to be selected by the Orbitrap, they must possess an
appropriate voltage and lower kinetic energy than what results from SIMS ionisation.
Therefore, the sample target voltage and the collision cell gas pressure in the transfer
system are key parameters for optimising OrbiSIMS. A methodology guide indicates

that the optimum intensity for different chemistries requires specific sample target
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voltages and collision cell gas pressures [148]. This suggests that by optimising these
parameters for each targeted ion, it may be possible to enhance the signal for low-
abundance ions. Furthermore, this approach could facilitate the differentiation of
isobaric ions that have different structures but share the same mass-to-charge ratio.
However, the relationship between these two parameters and the chemical structure

remains unclear, necessitating further research to elucidate it.
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Figure 1. 9. The schematic of OrbiSIMS.
Passarelli, M., Pirkl, A., Moellers, R. et al. Nature Methods 14, 1175-1183 (2017).

With the development of the OrbiSIMS technique, label-free biomedical imaging can
be conducted which allows us to detect multiple molecules (metabolites, lipids,
peptides) from cells, tumours, and brain tissues, as well as get the localisation of them
[146, 149, 150]. The figure below shows the schematic of 3D OrbiSIMS and the 10
modes of analysis methods by applying dual ion beam and dual analyser. For example,
surface spectra analysis uses GCIB or bismuth liquid metal ion gun (Bi LMIG)
compatible with ToF or Orbitrap analyser. And depth profiling by using GCIB with
ToF or Orbitrap analyser.

In the present study, mode 4 was employed to perform depth profiling g of ApoE4-
carrying H4 neuroglioma cells, using GCIB coupled with an Orbitrap mass analyser.
This approach allowed us to characterise both the chemical metabolic alterations and

vertical depth information.
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Sample requirements

High vacuum conditions are essential for SIMS to minimise collisions between
secondary ions and gas molecules, thereby enhancing signal-to-noise ratio and
preserving sample surface integrity by preventing oxidation and contamination.
Additionally, a high vacuum ensures that secondary ions are neither scattered nor

neutralised by gas molecules during their transit [151].

Due to the requirement for ultra-high vacuum conditions in SIMS instruments,
analysed samples need to be dehydrated before being placed in the OrbiSIMS
instrument, or they can be frozen and analysed in a frozen-hydrated condition [152].
The most used methods for biological samples, such as tissue sections and cell samples,
are freeze-drying and frozen hydration. For cell samples, a typical approach in LC-
MS/MS metabolomics to halt metabolic activity is to use cold organic solvents, such
as methanol or acetonitrile, to quench the cells, followed by cold solvent extraction.
In SIMS analysis, cells are plunged into liquid nitrogen to freeze and stop metabolism
before being transferred to a freeze dryer to remove any remaining water, or they can

be kept in a frozen condition for analysis in a frozen-hydrated state.

Freeze-drying is the most widely used method for SIMS analysis due to its
accessibility and lower cost compared to the frozen hydration approach, which
requires longer cooling times and consumes a significant amount of liquid nitrogen.
Recently, advancements in cryogenic SIMS have led to the integration of a Leica
Vacuum Transfer system with the OrbiSIMS, enabling samples to be frozen and
transferred to the instrument under vacuum conditions. Cryo-OrbiSIMS has been
developed for analysing the molecular characteristics of bacterial biofilms and skin
[153, 154]. Studies on biofilms have shown enhanced signal intensity for polar
metabolites in frozen-hydrated samples, with significant increases also observed in
skin samples, particularly for higher mass species. However, it remains unclear
whether cryogenic sample preparation benefits all molecules or only specific species.
Additionally, the frozen-hydrated method for cell samples has not yet been fully
established.

Additionally, another sample preparation step is required for biological samples before

freezing them: the removal of salt ions that may affect SIMS ionisation. Ammonium
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formate has been reported to inhibit unwanted salt ions and enhance ion signal analysis
[155]. A procedure involving washing cells with ammonium formate, followed by
plunge-freezing in liquid nitrogen and freeze-drying, has been applied in studies on

macrophages [149] and NR8383 cells [146].

Therefore, in the first chapter of this thesis, we conduct both sample preparation
methods—freeze-drying and frozen hydration—to explore the most effective

approach for H4 cells.

Data analysis challenge of OrbiSIMS

As mentioned in Chapter 1.5.2 on ionisation, the higher energy of the primary ion
beam used in SIMS results in a complex spectrum that includes both molecular ions
and fragments, which may form from ion rearrangements and recombination. Previous
SIMS data assignments have primarily relied on ions validated and published by other
researchers or on the analysis of standard samples. The formation of secondary ions
in OrbiSIMS complicates ion assignment and data interpretation, making it
challenging to manually assign possible chemical formulas. However, advances in
data analysis software and machine learning have made the analysis of extensive
OrbiSIMS datasets feasible. Edney et al. reported a chemical formula prediction
program, simsMFP, which can assign and filter SIMS dataset based on their chemical
composition [156]. SimsMFP uses the chemical formula prediction algorithms by
matching accurate m/z values followed by heuristic filtering, as reported by Kind and
Fiehn [157]. As well as provide the information the double bond equivalence (DBE)
which will help to further category the chemistry. DBE is related to the degree of
unsaturation from a predicted molecular formula by calculating the ratio of elements
such as C, H, N, P and halogen atoms as indicated in figure 1.10. The DBE is
contributed by a double bond or a ring system, and a benzene structure has DBE 4 due

to 3 double bonds and a ring system.
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Figure 1.10. lllustration of double bond equivalence (DBE) value. A) The equation
of calculating the DBE value, as reported by Edney et al [156]. B) An example of the
DBE value for tyrosine, which is contributed by a benzene structure and a C=0 from

the carboxylic acid functional group. C) Palmitoleic acid, also known as fatty acid

16:1, has a DBE of 2, contributed by a C=C and a C=0.

A key aspect of OrbiSIMS data analysis is that a deeper understanding of the chemical
composition of samples allows for more accurate and quicker identification of
molecules. The high mass accuracy of the Orbitrap can assign and annotate the
chemical formulas of ions with a mass deviation within 2 ppm. Despite this high mass
accuracy, it remains challenging to determine the unique chemical composition of each

ion, necessitating additional algorithms to filter out uncorrelated assignments.

The application of OrbiSIMS in biological samples

OrbiSIMS has been applied for metabolomics analysis characterised by the high-
resolution power of Orbitrap (> 240,000 at m/z 200) and high spatial resolution (<200
nm) of TOF mass spectrometry [158]. Passarelli et al. imaged neurotransmitters in the
mouse hippocampus section and putatively annotated 127 lipid species by 3D

OrbiSIMS, which demonstrated the diverse component of the hippocampus and
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different localisation of neurotransmitters in the brain section. OrbiSIMS has also been
applied to investigate the drug distribution and cellular response of rat alveolar
macrophage cells at the single cellular level [158]. The application of OrbiSIMS in
brain tumour metabolomics was reported by Joris ef al. key metabolites and related
pathways of tumour relapse were identified from formalin-fixed paraffin-embedded
tissue microarray samples [159]. Recently, the single-cell in situ metabolic analysis of
3D OrbiSIMS has been used for characterising macrophage subsets, leading to
understanding the phenotype and immune response of different macrophage subsets
MO, M1, and M2 [160]. Moreover, OrbiSIMS has been used in 3D hydrogel models
for identifying biomarkers of aggressive Group 3 and SHH medulloblastoma [161].
Except for the application of OrbiSIMS in metabolomics, application on protein

identification was proved by de novo peptide sequencing of 16 example proteins [162].

OrbiSIMS-based metabolomics provides an important platform for in sifu metabolic
analysis of tissue and cells with characteristics of minimal sample preparation (only
need washing step and freeze-dried step), small sample size (minimum as single cell
and hundreds of cells to get the enough signal), and rapid analysis time (a few minutes
depend on the analysis mode), to increase the possibility of probing the functions of
risk genes in different cell types. In addition, the imaging and depth profiling ability
of SIMS enabling the localisation of molecules visualised in cellular level. Based on
our established ApoE4-expressing H4 neuroglioma cells, the current work aims to
perform OrbiSIMS depth profiling analysis for metabolic profiling and explore the

underlying metabolic pathways involved in the ApoE4-carried AD cellular model.
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1.5 Thesis aim

The aim of this project is to investigate ApoE4-mediated molecular alterations in H4
neuroglioma cells using OrbiSIMS and LC-MS/MS. For the metabolomics study, the
screening capability of OrbiSIMS has been utilised and explored, leveraging its ability
to detect a wide range of molecules in small samples with minimal preparation and
reduced sample destruction compared to the standard LC-MS/MS method. To evaluate
OrbiSIMS as a metabolomics tool, complementary LC-MS/MS metabolomics will be
employed to validate its results. This project represents the first attempt to integrate
and compare LC-MS/MS data with OrbiSIMS findings, showcasing the robust
biological screening capabilities of OrbiSIMS for studying gene mutation-related

disease states.

For the proteomics study, the LC-MS/MS technique has been applied to investigate
the effects of ApoE4 on protein expression levels. Pathway and functional analysis
tools will also be employed to integrate and interpret metabolomics results alongside
proteomics data, providing a comprehensive understanding of ApoE4-mediated

molecular changes.

Regarding OrbiSIMS sample preparation, two approaches for H4 neuroglioma cells—
freeze-drying and frozen hydration—will be evaluated for SIMS analysis. The
approach yielding a higher lipid signal will be selected to study the impact of ApoE4,
given its role in lipid transport within cells. Subsequently, an ApoE4-overexpressing

H4 cell model will be established and analysed using OrbiSIMS.
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Chapter 2: Frozen hydrated vs freeze-dried
analysis of H4 neuroglioma cells by OrbiSIMS

2.1 Chapter aims

To establish and evaluate the potential of OrbiSIMS for studying metabolomics in H4
neuroglioma cells, a proof-of-concept study was conducted, and two sample
preparation methods for H4 cells were evaluated. As mentioned in Section 1.4.2 on
sample requirements for OrbiSIMS, high vacuum conditions are crucial for ensuring
the accuracy, sensitivity, and longevity of SIMS instrumentation. Consequently,
specific sample preparation methods are required for biological samples to preserve

their native structure as much as possible.

The most common approach is to fix samples chemically or cryogenically, followed
by drying to remove residual water from the sample. Freeze-drying is the most widely
used method for preparing biological samples, such as tissues or cells, due to its shorter
preparation time, lower instrument, and laboratory requirements, and cost-
effectiveness. The procedure involves plunge freezing in liquid nitrogen, followed by
drying in a freeze dryer. A single-cell metabolic profiling study of macrophages using
OrbiSIMS employed a freeze-drying approach to prepare macrophage cells [149]. This
enabled differentiation of the metabolic signatures of various macrophage subsets
from the OrbiSIMS data. However, there are concerns that drying protocols may lead
to molecular redistribution and loss of information about volatile molecules during the

drying process [149, 163].

Alternatively, the frozen-hydrated method has been applied in SIMS analysis, as it can
preserve the native state of biological structures and has been shown to increase ion
yields for polar molecules such as amino acids and peptides [164]. The cryogenic
OrbiSIMS is equipped with a closed-loop liquid nitrogen circulation cooling system,
which allows the load lock and main chamber to cool to -180 °C for extended periods,
enabling the analysis of samples under cryogenic conditions. However, this process

comes at the cost of significantly reduced analysis throughput.
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To freeze samples and transfer them in vacuum conditions, a cryogenic vacuum
transfer system has been introduced (the Leica EM-VCT 500), freezing samples at a
consistent temperature (around -140 °C) and a pressure of 2.0 x 10~! mbar [153, 165].
Newell et al. demonstrated that the cryogenic OrbiSIMS technique enhances the
detection of a range of various biomolecules, including semi-volatiles in human
fingerprints, plant leaves and Drosophila samples [165]. Zhang et al. analysed
bacterial biofilms in a frozen hydrated state and observed a 10,000-fold increase in
signal intensity for polar biomolecules, such as amino acids [153]. These findings
strongly suggest that cryo-OrbiSIMS can effectively detect and image diverse types
of biological samples in their native state with enhanced signal intensity. However, no
studies have yet compared freeze-dried and frozen hydrated sample preparations in
mammalian cells using OrbiSIMS, and it remains unclear whether cryogenic sample
preparation benefits all molecules or only specific species. Additionally, given the high
costs and longer analysis times associated with cryogenic OrbiSIMS, a comparison
between freeze-dried and frozen-hydrated sample preparation methods for each

sample type is recommended, before proceeding with further analysis.

This chapter presents a comparison of the efficacy of two sample preparation
methodologies—freeze-drying and frozen hydration—for the analysis of H4 cells
using OrbiSIMS. The aim is to expand knowledge in this field, particularly concerning
the analysis of lipids and amino acids. Lipids have been identified as the most common
secondary ions detected in OrbiSIMS analysis, while amino acids are suggested to

exhibit a significant signal increase in frozen hydrated conditions [149, 153].
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2.2 Methods
2.2.1 Cell sample preparation for OrbiSIMS

Neuroglioma cells H4 (ATCC® HTB-148TM) were obtained from the American Type
Culture Collection (ATCC) and grown at 37 °C with 5 % CO> in Dulbecco’s Modified
Eagle’s Medium supplemented with 10 % fetal bovine serum and 1 % penicillin-
streptomycin. The H4 neuroglioma cells were seeded on glass slides merged in a
complete culture medium for 24 h. After cells were adhered to glass slides, the media
was discarded, and cells were washed three times using 150 mM ammonium formate

solution.

Freeze dried H4: The freeze-dried sample preparation method is demonstrated in
Figures 2.1A and B. The slides were frozen in liquid nitrogen and dried in a freeze-
dryer for 48 hours. The cell slides were subsequently placed in a sealed container and
stored at -80 °C until OrbiSIMS analysis. Prior to analysis, the sample slides were
stabilised at room temperature for 1 hour, then were loaded into the OrbiSIMS

instrument.

Frozen hydrated H4: The frozen hydrated sample preparation method is
demonstrated in Figures 2.1A and C. Due to the size limitation of the cryo sample
stage, the cell culture chamber slide needs to be cut into a 2 cm x 2 cm size. Three
slides were subsequently sterilised and coated with poly-L-lysine. H4 neuroglioma
cells have been growth for 24 hours on a pre-cut 8-well chamber slide for 24 h. Prior
to OrbiSIMS analysis, the culture medium was removed, and the adherent cells were
washed three times using a 150 mM ammonium formate solution to remove excess
buffer containing salts. Then a pre-cut slide was attached onto a cryogenic sample
stage with OCT. The metal sample stage was plunged freezing in liquid nitrogen by
using Leica VCT system (below -140 °C), then transferred into pre-cooled OrbiSIMS
system (below -140 °C) for depth profile analysis.
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Figure 2. 1. A workflow detailing the sample preparation for freeze drying and
cryogenic OrbiSIMS analysis of H4 cells. A) H4 cells were plated and grown on a
chamber slide with complete cell culture medium for 24 h, followed by removing
medium and washing three times with ammonium formate. The chamber was
removed before freezing the cells in liquid nitrogen (LN>). B) Freeze drying process:
The cell culture slide was plunge-frozen by using tweezers to immerse it into LN,
then placed into a freeze dryer to dry at a temperature below -140 °C for 48 h. The
freeze-dried H4 cells were then transferred to the OrbiSIMS instrument for analysis
at room temperature. C) Frozen hydrated samples preparation process: The pre-cut
slide was secured and fixed onto a cyro sample stage with OCT, then frozen with LN>
in Leica VCT system. The frozen hydrated H4 cells were transferred into the VCT
arm under vacuum conditions and subsequently attached to the pre-cooled

OrbiSIMS instrument (below -140 °C) for further analysis.
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2.2.2 OrbiSIMS experimental methods

OrbiSIMS analysis was performed on a Hybrid SIMS instrument from IONTOF
GmbH (Miinster, Germany). The Orbitrap analyser was calibrated using silver clusters
of a silver sample plate, following the method described by Passarelli et al. [158]. For
calibration, liquid metal ion gun with Bis" clusters as primary ion species were used
in spectrometry mode together with the ThermoFisher Tune software. For the
subsequent measurements the following parameters were employed. The gas cluster
ion beam (GCIB) was used with 20 keV Arsooo" argon clusters with 20 pm beam
diameter as primary ion source for sputtering of cell samples. Mass spectra were

recorded in full-MS scan in the range of m/z 75 - 1125 in negative polarity.

For freeze dried condition, samples were analysed at room temperature across a 300 x
300 um? area using random raster mode with crater size 384.6 x 384.6 um? and mass
resolving power of 240,000 at m/z 200. Cycle time was set to 200 ps and duty cycle to
4.4 %. Arso00" primary ion clusters were used with a target current of approximately
200 pA with charge compensation performed using a low energy (21 eV) electron
flood gun. Argon gas flooding was utilised as well to aid with charge compensation,
which led to a pressure of 9.0 x 10”7 mbar in the main chamber. Maximum injection
time was set to 500 ms. The OrbiSIMS collision cell pressure was set to 6.15 x 1072
mbar, and the target potential was set at -278 V during the duration of the experiment.
Three separative areas were analysed on each sample, and each measurement lasted

300 scans.

For cryo-OrbiSIMS analysis, a liquid nitrogen circulation cooling system was used to
cool the load lock and main chamber to at least -140 °C before transferring samples
into OrbiSIMS instruments. All measurement set up parameters are the same as the
parameters applied in room temperature OrbiSIMS analysis. The OrbiSIMS collision
cell pressure was set to 5.6 x 10 mbar, and the target potential was set at -151 V.
Three separative areas were analysed on each sample, and each measurement lasted

300 scans.
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2.2.3 Data analysis and identification and annotation of metabolites

OrbiSIMS data acquisition and analysis were performed using SurfaceLab7 (IONTOF
GmbH). Firstly, a peak search was performed on each raw data, a minimum counts
threshold 3000 was set by visual inspection of the spectra that distinguished it from a
noise peak. lons extracted from the spectrum are assigned by applying elemental
restrictions with mass deviation < 2 ppm for ions > m/z 95 and 5 ppm for ions < m/z
95 for molecular formula prediction. Which is conducted by using software simsMFP
(SimsMFP is a Matlab-based script developed by Edney et al. [156], especially for
chemical filtering of the OrbiSIMS dataset): Lipid search (Ci-230, H3-130, No-2, Oo-20,
Po-2, So-1), other amino acids search (Cs-30, Hi0, No-10, O0-25, So-2). Subsequentially,
matching the chemical formula with LIPID MAPS

(https://www.lipidmaps.org/databases/Imsd/overview).

A LipidMaps assignment script was used for lipid identification, incorporating 35,784
lipids from the Lipid Maps database. Those include FA, ST, CAR, LPA, LPC, LPE,
LPI, BMP, Hex, PG, PC, PE, PS, DG, TG, HexCer, CerP, for example, m/z 255.2332
was assigned the chemical formula C16H3107", with a mass deviation of 0.96 ppm. This
formula corresponds to the deprotonated ion of FA 16:0. In contrast, m/z 288.5239 was
assigned the predicted formula C45H75sNOgP™ (mass deviation: 0.41 ppm), which could
correspond to several isobaric lipid species, including PC 37:7, PC O-37:8;0, PE 40:7,
or PE 0-40:8;0.

Statistical analysis

Intensity of each ion normalised to total ion intensity was used for Scatter plot and ¢-
test analysis. For the #-tests, the ion intensity was considered to be significantly
different between freeze dried and frozen hydrated samples with adjusted p-value
<=0.05 and a fold change of >=2. Volcano plot was used to visualize the #-test

analyses.
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2.3 Results and Discussion

2.3.1. Freeze-Dried and Frozen-Hydrated Sample Preparation of H4
Neuroglioma Cells

As shown in Figure 2.1, H4 neuroglioma cells were plated and grown on a chamber
slide for 24 hours to allow adherence to the slide. The medium was then removed, and
the cell surface was washed three times with ammonium formate to eliminate salts
from the culture medium and prevent interference from salt ions. The samples were
then plunge-frozen in liquid nitrogen, followed by preparation using both freeze-
drying and frozen-hydrated approaches to preserve intracellular water. The freeze-
dried samples were analysed by OrbiSIMS at room temperature, while the frozen-
hydrated samples were analysed by cryogenic OrbiSIMS at temperatures below -
140 °C.

OrbiSIMS analysis at room temperature was conducted without a cooling system. The
samples were loaded into the instrument's load lock, where the pressure was pumped
down to below 5 x 107¢ mbar before being transferred to the main analysis chamber,
which operated at a pressure of approximately 7 X 10~° mbar. For cryogenic OrbiSIMS
measurements, a closed-loop liquid nitrogen circulation cooling system was activated
in advance to lower the temperature of the main chamber and load lock to below -
140 °C. The H4 samples were then frozen and transferred using the Leica EM VCTS500,
which allowed the samples to be stored and transported under low-temperature (below
-140 °C) and vacuum conditions (2 x 107! mbar). Throughout the transfer and
cryogenic OrbiSIMS procedures, the temperatures of the VCT and the instrument were
carefully monitored to prevent sample melting due to temperature increases. If a rise
in temperature was detected, the liquid nitrogen (LN:) reservoir was refilled to

maintain the required low temperatures.
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2.3.2. Lipid ions show higher signal intensity in freeze-dried H4 cells
compared to frozen-hydrated H4 cells.

The OrbiSIMS data acquired for freeze-dried and frozen hydrated H4 cells are shown
as inverted overlaid spectra in Figures 2.2 A and B for m/z = 100 — 500 and 500 — 1000
respectively. These two datasets show the different ion yield under different sample
preparations, especially for the ions in the region of m/z 500 - 850. This indicates that
the secondary ions produced from H4 cells are affected by the retention of water. The
molecular or chemical changes might also be impacted under frozen hydrated

conditions compared to freeze-dried cells.
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Figure 2.2. Inverted overlaid OrbiSIMS spectra for freeze dried H4 and frozen
hydrated H4 cells. A) The overlaid OrbiSIMS spectra at the mass range of m/z 100-
500. The accurate mass and mass deviation of assigned ions are as follows:
C4H3N>02 (m/z 111.0201, 0.5 ppm), CsH70 ~ (m/z 119.0502, 0.0 ppm), CHNO:KNa
(m/z 120.9527, -0.5 ppm), C2HsSNO3™ (m/z 124.0074, -0.1 ppm), P2OsH™ (m/z
158.9254, 0.0 ppm). B) The overlaid OrbiSIMS spectra at the mass range of m/z

47



500-900. The accurate mass and mass deviation of assigned ions are as follows:
C27Hs50PO 11 (m/z 581.3099, 0.4 ppm), C41H79NOsP~ (m/z 744.5555, 0.8 ppm),
C47H7sNOsP (m/z 812.5231, -0.6 ppm), C43HsoO13P (m/z 835.5343, 0.1 ppm).

To further investigate the species changes between these two sample preparation
methods for H4 cells, the accurate mass value of each peak was exported. Next, a
chemical filtering method, the SIMS-Molecular Formula Prediction tool (simsMFP)
(for a detailed introduction to simsMFP, please refer to Section 1.4.2 on Data Analysis
of OrbiSIMS), was used to predict the chemical formulae of each secondary ion. This
tool calculates possible chemical formulas based on elemental restrictions, enabling
the categorisation of various chemistries. Here, lipid and amino acid chemistries were
selected to evaluate the freeze-drying and frozen-hydration sample preparation

methods for H4 cells.

Fatty acids are composed of a hydrocarbon chain with one terminal carboxyl group
(COOH). De novo biosynthesis of phospholipids begins with the combination of
glycerol-3-phosphate with fatty acid chains (as shown in Figure 2.3 A), followed by
linking hydrophilic lipid head groups such as serine, ethanolamine, glycerol, inositol,
and choline to generate phosphatidylserine (PS), phosphatidylethanolamine (PE),
phosphatidylglycerol (PG), phosphatidylinositol (PI) and phosphatidylcholine (PC)
(Figure 2.3) [166, 167]. According to the unique chemical structure of lipids, as shown
in Figure 2.3, fatty acids contain only carbon, hydrogen, and oxygen, with two oxygen
atoms due to the carboxyl group. When fatty acid chains link with glycerol-3-
phosphate to form phosphoglycerolipids, an additional phosphorus atom and four
oxygen atoms are introduced. Therefore, based on the characteristics of these
compounds, elemental restrictions can be applied for chemical filtering of possible
assignments. For example, saturated fatty acids (FA n:0) are assigned as C,H2,.102’,
while unsaturated fatty acids (FA n:x) are C,H2,-2x-102". Glycerophospholipids like PC,
PE and PS contain the elements CHNOP, while PI and PG only contain CHOP.
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Figure 2.3. The structure of glycerophospholipids [168]: A) The biosynthesis of
glycerophospholipids begins with glycerol as the backbone, which is then linked to
fatty acid chains to form the hydrophobic tail and a hydrophilic phosphate head
group. B) The phosphate head group is further linked to choline, ethanolamine,

serine, inositol, or glycerol.
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The elemental restriction applied for general lipid filtering are: Ci-230, H3-130, No-2, Oo-
20, Po2, So-1. These were selected based on the LipidMaps database to cover all
reasonable lipid chemical formulas within the mass range of m/z 75-1200, while also
limiting the analysis time in the simsMFP program, as broader elemental restrictions
increase the required processing time. This enabled the assignment of lipid peaks with
a mass deviation of < 2 ppm for m/z > 95 and < 5 ppm for m/z < 95. By applying
elemental restrictions for lipid filtering, a peak list consisting of 2,566 ions generated
2,214 predicted formulas. The assigned chemical formulas were then matched with
the LipidMaps database to search for lipid assignments, resulting in the identification
of a total of 99 lipids from freeze-dried and frozen hydrated H4 cells. Table 2.1 below
lists the details about the accurate mass and assigned lipid names. The annotated lipid

ions listed in Table 2.1 all correspond to deprotonated ions [M-H] .

For OrbiSIMS secondary ions, only chemical formula can be assigned by calculating
accurate mass. However, due to the complexity of lipid structures, specific lipid
assignments cannot be achieved based solely on MS data. For example, for m/z
673.4823, the assigned formula is Cz7H700sP~ which could correspond to any lipid
from LPA 34:2;0/LPG O-31:3/PA 34:1/PA 0O-34:2;0.

Table 2.1. The peak list of lipids assigned in H4 cells.

Mass Assignment Formula Deviation (ppm)
227.2019 FA 14:0 [M-H] C1uH2107 1.08
2412177 FA 15:0 [M-H] CisH2907 1.64
2532177 FA16:1 [M-H] CisH2007 1.56
301.2174 FA 20:5/ST 20:2;02 [M-H] CaoHasO7 0.32
255.2332 FA 16:0 [M-H] CisH3:07 0.96
267.2334 FA17:1 [M-H] CiHa10r 1.67
279.2331 FA 18:2 [M-H] CieH3107 0.52
303.2332 FA 20:4/ST 20:1;02 [M-H] CaoHa107 0.81
327.2330 FA 22:6/ST 22:3;02 [M-H] Ca2Hu107 0.14
269.2491 FA 17:0 [M-H] CuH3:0z 1.84
281.2490 FA 18:1 [M-H] CieH3:07 1.41
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305.2489 FA 20:3/ST 20:0;02 [M-H] CaoH307 0.97
329.2488 FA 22:5/ST 22:2;02 [M-H] CaoHa:07 0.60
392.2292 CAR 11:0;04 [M-H] C1sH3NOg 0.53
389.2100 LPA 0-16:3 [M-H] C1oH3:06P" 0.39
283.2646 FA 18:0 [M-H] CisHasO7 1.22
295.2645 FA 19:1 [M-H] CioHasO7 0.83
307.2645 FA 20:2 [M-H] CooHas0x 0.80
331.2647 FA 22:4/ST 22:1,02 [M-H] CaoHss0y 1.35
391.2261 LPA 0-16:2 [M-H] C1oH3606P" 1.53
418.2450 CAR 13:1,04 [M-H] CaoHssNOg 0.85
309.2803 FA 20:1 [M-H] CooH3707 1.28
409.2366 | LPA 16:0/LPA 0-16:1;0 [M-H] Ci9H307P" 1.31
4202607 CAR 13:0;04 [M-H] CaoH3sNOg 0.97
417.2414 LPA O-18:3 [M-H] CatHssO6P" 0.60
419.2574 LPA 0-18:2 [M-H] CatHaO6P" 1.43
4352519 | LPA 18:1/LPA 0-18:2;0 [M-H] CarHaO7P 0.43
4372678 | LPA 18:0/LPA O-18:1;0 [M-H] CotHa207P" 1.00
436.2838 | LPC 0-13:1/LPE 0-16:1 [M-H] | CpH.:NOeP- 1.03
597.3059 ST 28:6;03;GICA/ST 28:7;04;Hex -1.69
[M-H] Ca4H4509"
553.2790 | BMP 19:1;0/LPI 0-16:2 [M-H] CosHasOuP 1.22
579.2946 | BMP 21:2;,0/LPI 0-18:3/PG 21:2;0 1.08
[M-H] CorHagO1P"
581.3107 | BMP 2L:1;0/LPI 0-18:2/PG 21:1;0 1.85
[M-H] Ca7H5001:P"
599.3211 LPI 18:0/LPI 0-18:1;0 [M-H] CarHs2012P" 1.52
699.4980 | DG 43:11/DG 0-43:12;,0/TG O- 2.00
43:11 [M-H] CasHe705
674.4854 HexCer 30:1;04 [M-H] CasHssNO1o 0.78
7015140 | DG 43:10/DG 0-43:11;0/TG O- -1.50
43:10 [M-H] CasHeoOs™
673.4823 LPA 34:2,0/LPG 0-31:3/PA 137
34:1/PA 0-34:2;0 [M-H] Ca7H7008P"
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7475198 | DG 44:10;02/TG 44:9;0/TG O- 2098
44:10;02 [M-H] Cu7H7,07
868.4769 PS 42:11;0 [M-H] CusH71NO 1P -0.14
702.5165 HexCer 32:1,04 [M-H] CasH7sNO1o 0.47
699.4980 LPG 0O-33:4/PA 36:2/PA 0-36:3;0 1.39
[M-H] CaoH7208P"
850.4794 Hex2Cer 29:3;06 [M-H] CuH7NO7 -1.38
834.5063 PE 44:12 [M-H] CagH7sNOgP- -1.95
701.5140 LPG 0-33:3/PA 36:1/PA 0-36:2;0 1.88
[M-H] CaoH7408P"
852.4781 SHexCer 35:3;06 [M-H] CarH7aNO15S" -0.43
872.5002 Hex2Cer 32:5;05 [M-H] CasH74NOse -1.28
788.5239 PC 37:7/PC 0-37:8;0/PE 40:7/PE 0.41
0-40:8;0 [M-H] CusH7sNOgP
812.5234 | PC 39:9/PC 0-39:10;0/PE 42:9/PE 2022
0-42:10;,0 [M-H] Cs7H75NOgP-
830.4949 SHexCer 33:0;06 [M-H] CaoH7sNO 1S 0.94
834.5225 Hex2Cer 30:2;04 [M-H] CazH76NO1s™ 0.54
774.5520 HexCer 39:6;03 [M-H] CasH76NOg -0.72
790.5471 HexCer 39:6;04 [M-H] CusH76NO1o -0.47
814.5085 PI-Cer 33:0;05 [M-H] CagH77NO14P" -0.27
710.5496 | CerP 41:3;02/LPC 0-33:4[M-H] | C,H;NOeP- 0.28
774.5289 CerP 41:3;06/PS 35:1/PS 0-35:2;0 021
[M-H] CarH7NO1P"
712.5727 CAR 34:1;04/HexCer 35:1,02 -0.83
[M-H] CaiH7sNOg
836.5384 Hex2Cer 30:1;04 [M-H] CazH7sNO1s™ 0.84
833.5190 LPI 34:3;0/P1 34:2/P O-34:3,0 0.53
[M-H] CasHreO13P
860.5388 Hex2Cer 32:3;04 [M-H] CuH7sNO1s 1.28
857.5202 P1 36:4/PI 0-36:5;0 [M-H] CusH7g013P 1.92
884.5377 Hex2Cer 34:5,04 [M-H] CusH7sNO 15" 0.00
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7445563 CerP 41:2;04/LPC 33:2;,0/PC 1.91
33:1/PC 0-33:2;0/PE 36:1/PE O-
36:2;0 [M-H] CasH7sNOsP-
756.5561 CerP 42:3;04/LPC 34:3;0/PC 1.61
34:2/PC 0-34:3;0/PE 37:2/PE O-
37:3;,0 [M-H] Ca2H7gNOgP
788.5448 | CerP 42:3;06/PS 36:1/PS 0-36:2,0 0.12
[M-H] CaoHsNO1oP"
730.5838 HexCer 35:0;03 [M-H] CaHeoNOg -0.08
835.5344 LP1 34:2;0/PI 34:1/PI 0-34:2;0 0.23
[M-H] Cu3HgoO13P"
862.5544 Hex2Cer 32:2;04 [M-H] CasHgoNOss5 1.22
859.5353 PI 36:3/P1 0-36:4;0 [M-H] CasHaoO13P" 1.27
886.5549 Hex2Cer 34:4;,04 [M-H] CasHeoNOs5 175
883.5344 P1 38:5/P1 0-38:6;0 [M-H] Cu7HeoO13P 0.22
758.5698 CerP 42:2;04/LPC 34:2;0/PC 20.96
34:1/PC 0-34:2;0/PE 37:1/PE O-
37:2;,0 [M-H] Ca2HgiNOgP-
864.5702 Hex2Cer 32:1;04 [M-H] CaHg2NOss 1.39
861.5508 PI 36:2/P1 0-36:3;0 [M-H] CasHg:013P" 1.10
873.5507 P1 37:3/P1 0-37:4;,0 [M-H] CusHg2013P" 0.97
888.5700 Hex2Cer 34:3;04 [M-H] CasHg2NO1s5° 1.13
885.5516 PI 38:4/P1 0-38:5;0 [M-H] CaHg2015P" 1.97
832.5931 HexCer 42:6;,04 [M-H] CugHe2NO1o -1.59
912.5708 Hex2Cer 36:5;04 [M-H] CugHg2NOss 1.97
909.5510 PI 40:6/PI 0-40:7;0 [M-H] CagHe2O13P" 1.26
865.5739 | PA 49:10/PA 0-49:11;0 [M-H] Cs2Hg:08P" -1.59
863.5665 P1 36:1/P1 0-36:2;0 [M-H] CusHgsO13P" 1.15
875.5670 PI 37:2/P1 0-37:3;0 [M-H] CagHz013P" 1.71
890.5849 Hex2Cer 34:2;04 [M-H] CasHeaNOss 0.28
887.5669 Pl 38:3/P1 0-38:4;,0 [M-H] Cu7Hg4O13P" 1.57
914.5861 Hex2Cer 36:4;04 [M-H] CusHeNO1s- 1.59
912.5708 SHexCer 39:1;06 [M-H] CusHgsNO 1S -1.72

53




860.6117 Hex2Cer 34:1;02[M-H] CasHesNO13- 1.43

889.5819 PI 38:2/Pl 0-38:3;0 [M-H] CarHasO1sP" 0.84

901.5828 PI 39:3/PI 0-39:4;0 [M-H] CugHes013P" 1.82

832.6060 | CerP 45:2;06/PS 39:0/PS 0-39:1;0 -1.57
[M-H] CusHg7NO 1P

710.6833 Cer 48:4;,0 [M-H] CagHgsNOy 1.75

712.6968 Cer 48:3;0 [M-H] CagHooNO; -1.27

1063.6910 | Hex(2)-HexNAC-Cer 34:1;02/Hex- 1.09
HexNAC-Cer 34:1;02 [M-H] CsaHaoN201g”

1064.6942 PS56:11;0 [M-H] Ce2HosNO 1P -1.81

Following lipid assignments, the normalised intensity of lipids was plotted with
freeze-dried samples on the x-axis and frozen hydrated samples on the y-axis (as
shown in Figure 2.4A). The plots in the blue area indicate higher intensity in the
frozen-hydrated condition, while those in the orange area show higher intensity in the
freeze-dried condition. In Figure 2,4A, more lipid plots are scattered in the orange area,
suggesting that these lipids are more intense in the freeze-dried condition. To further
explore the statistical differences between the two conditions, three replicates for each
group were analysed. A t-test was performed, and the results, along with the fold
change of lipids in the freeze-dried compared to the frozen hydrated state, were
visualised using a volcano plot created with MetaboAnalyst [169]. In the comparison
of freeze dried H4 and frozen hydrated H4, the majority of lipids have higher intensity
in the freeze-dried samples. The volcano plot shows that 45 out of 99 (45.5%) total
assigned lipids exhibited a statistically significant increase in freeze-dried H4 cells.
This indicates that freeze-dried sample preparation of H4 cells is optimal for lipid

detection in OrbiSIMS compared to frozen hydrated method.

Given the importance of ApoE4 in lipid transport and metabolism, the freeze-dried
sample preparation, which shows higher lipid signals, is better suited for studying the
effects of ApoE4 on lipid metabolism in H4 neuroglioma cells compared to the frozen-
hydrated condition. However, aside from the effects on lipid ions, it remains unclear
whether freeze-dried and frozen-hydrated preparations affect other types of molecules

in H4 cells. Therefore, an evaluation of additional molecules, beyond lipid ions, is
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necessary to assess these two approaches in H4 neuroglioma cells.
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Figure 2.4. The comparison of lipid intensity in freeze-dried H4 cells versus samples in
frozen hydrated conditions (freeze-dried/frozen hydrated). The normalized intensity by total
ion counts was used for all OrbiSIMS data analysis. A) The normalized intensity of assigned
lipids in freeze-dried H4 sample 1 and frozen hydrated H4 sample 1 were plotted as a scatter
plot. The plots spread in the upper left (blue area) indicate the lipids with higher signals in
frozen hydration. Those located in the lower right (orange area) indicate lipids with higher
signals in the freeze-dried state. B) The volcano plot was used to visualize the statistical
analysis of the comparison of lipid intensity in freeze-dried and frozen hydrated H4 samples
(n=3). Each circle was labelled with the accurate mass for assigned lipids. The fold change
in lipid intensity is presented as the ratio between freeze-dried and frozen-hydrated
conditions. The lipids with a fold change above 2 and an adjusted p-value below 0.05 were
labelled in red, with the degree of red colour corresponding to the fold change, as indicated

by the scale bar on the right side of Figure 2.4.B.
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The depth profile pattern of lipid ions in both conditions was assessed in Figure 2.5.
The low intensity of lipids throughout the entire depth profiling analysis was
consistent with the comparison analysis mentioned above in Figure 2.4. High
concentrations of lipids were observed on the surface of freeze-dried H4 cell samples,
consistent with the high lipid signals typically detected under freeze-dried conditions.
This observation aligns with the biodistribution of lipids, which are enriched in the
cell membrane. In contrast, frozen-hydrated samples showed almost no significant
depth profile patterns, consistent with the lower lipid signals observed in frozen-

hydration conditions (Figure 2.5.B).
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Figure 2.5. The depth profiling of lipid ions in freeze-dried H4 cells (A) and
samples in frozen hydrated conditions (B). The x-axis is labelled as "total dose,"
indicating the primary ion dose used to sputter or remove the surface material. The

y-axis shows the normalized intensity by total ion counts.
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2.3.3 Amino acid ions do not show significant differences between freeze-
dried and frozen-hydrated H4 cells.

Table 2.2 below displays the abbreviations of the amino acids used in the following

section.

Table 2.2 The abbreviation of amino acids.

Abbreviation Abbreviation Amino acid name

Ala
Arg
Asn
Asp
Cys
GIn
Glu
Gly
His
lle
Leu
Lys
Met
Phe
Pro
Pyl
Ser
Sec
Thr
Trp
Tyr
Val

>

T o6 moO O 0O 2 =X

< <X =S4 Cc »woO vmnZg X r

Alanine
Arginine
Asparagine
Aspartic acid
Cysteine
Glutamine
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Pyrrolysine
Serine
Selenocysteine
Threonine
Tryptophan
Tyrosine

Valine

In addition, 97 amino acid-related ions were also assigned, and Table 2.3 shows the

details about the amino acids and their fragments. The assignment of amino acids and

their fragments was based on the structure and molecular ions of amino acids, as well



as the reference database from the ToF-SIMS amino acid reference spectra by Kawacki
et al. [170, 171]. This table provides an unprecedented level of detail regarding the
amino acid fragments present by OrbiSIMS in H4 neuroglioma cells. As shown in
Table 2.3, the analysis detected not only the deprotonated molecular ions for each
amino acid but also their corresponding fragmented ions. As described in Section 2.3.2,
deprotonated ions of lipids ([M-H]") were primarily observed, along with [M-H]~
adducts of amino acids, as detailed in Table 2.3. Water-loss fragments were also
annotated; for example, ions related to aspartate (D) include 132.0304 ([M-HJ,
C4HsNO4") and 114.0197 ([M-H-H20]", CsaHaNOs"). The formation of these fragments
may result from the loss of neutral molecules, such as H.O, during ionisation or
potentially due to the freeze-dried sample preparation, which could enhance water loss
from analytes. Although the exact fragmentation patterns and ionisation mechanisms
of OrbiSIMS remain unclear, the data presented here could provide valuable insights
for further elucidation. Additional reference sample tests are recommended to better

understand the ionisation behaviour of OrbiSIMS.

For example, the OrbiSIMS ions associated with the amino acid glutamine (Q) were
detected and assigned as follows: m/z 145.0618, CsHoN>O3 , Q[M-H] ; m/z 127.0513,
CsH7N202, Q[M-H-H:0]; m/z 82.0296, CsH4sNO, Q[M-H-NH3-CO2-H:]; and
another small fragment at m/z 99.0564, C4H7N>O . Table 2.3 provides a detailed
overview of amino acids, and their related fragments identified during OrbiSIMS
measurements. This represents the first instance of amino acid-related ions being
mapped in mammalian H4 neuroglioma cells. The findings demonstrate that
OrbiSIMS is capable of detecting multiple amino acid ions, and that fragmentation
occurs during secondary ion formation. This highlights the need to account for

fragmentation effects in future SIMS analyses.

Due to the similar structure of amino acids, some secondary ions in the low mass range
are shared by multiple amino acids. For example, m/z 86.0245 (C3H4NO>") could be a
fragment produced from alanine, cysteine, leucine, lysine, and serine. The plot Figure
2.6A of amino acids shows that some of them have higher signals in freeze-dried
conditions, while others have higher signals in frozen hydrated conditions. The

volcano plot in Figure 2.6B further indicated that the intensity of 29 out of 97 (29.9%)
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amino acid fragments is statistically significantly more intense in frozen hydrated
conditions, while 36 (37.1%) are statistically significantly more intense in freeze-dried
samples. Overall, amino acids comparison of H4 cells in cryogenic condition and in

freeze-dried condition did not reveal strong ionisation enhancements.

Fatty acids C16:1 and C16:0 were detected only in frozen hydrated conditions from
previous cryo-OrbiSIMS analysis in human latent fingerprint samples [165], but not
in the room temperature analysis. However, in our results, cryogenic sample analysis
did not improve the lipid ion intensity, which suggests that the cryogenic analysis is
not always beneficial for all types of samples and method evaluation, and development
is suggested to conduct for the samples that have not been studied in cryogenic

OrbiSIMS.

Another cryo-OrbiSIMS study performed on a bacterial biofilm sample [153], which
is a type of sample consisting of about 90% water. A total of 87 compounds were
annotated from the biofilm sample, including 85 polar compounds (nucleobases,
amino acids, and alkyl quinolones) and 2 lipids. Almost all these 87 ions showed
enhanced intensity in the frozen hydrated state compared to the freeze-dried biofilm.
However, in this biofilm study, only 2 annotated lipids were compared, and biofilm is
a type of biological sample that contains high water, which cannot be directly
extrapolated to other biological samples. Conclusive results that clearly indicate
emerging trends cannot be determined, given the limited research conducted in cryo-
OrbiSIMS. Therefore, we suggest that sample preparation method development is
needed for different types of samples to be analysed by either room temperature

OrbiSIMS or cryo-OrbiSIMS.

Combining the lipid and amino acid results, frozen hydration did not yield significant
ionisation of amino acids in H4 cells, whereas the freeze-dried condition significantly
enhanced the lipid signal. Consequently, freeze-dried sample preparation has been

selected as the optimal method for subsequent OrbiSIMS analysis of H4 cells.
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Table 2.3. The peak list of amino acids assigned in H4 cells

Mass
Deviation
Mass Description Assignment (ppm)

88.0402 | A[M-H]-, D C3HsNOy -1.9759
86.0245 | A, C, O, L, K, S[M-H-H20]- C3HiNO2 -2.4012
131.0826 | R[M-H-CH2N2]-, Ornithine[M-H]- CsH1N207 -0.1159
156.0779 | R[M-H-NH3]- CesH10N302 0.2553
158.0936 | R CesH12N302 0.3679
113.0357 | N[M-H-H20]-, D[M-OH+NH2-H-H20]-* C4HsN202" 0.6320
114.0197 | N[M-H-NH3]-, D[M-H-H20]- C4HiNO3 0.2306
131.0462 | N[M-H]- C4H/N2O5" -0.0817
98.0247 | D, M, N[M-H-NH3-0O]- C4sH4NO2 -0.3590
115.0037 | D[M-H-NH3]- C4H304 0.1261
117.0192 | D C4HsO4 -1.3884
132.0304 | D[M-HJ- C4HsNO 1.2708
85.0293 | E, V C4HsO7 -2.7082
100.0404 | E, I, M[M-H-CH3SH]-, V, T[M-H-H20]- C4HsNOy -0.1607
102.0561 | E[M-H-CO2]- CsHgNO2 -0.0220
128.0353 | E[M-H-H20]-, Q[M-H-NH3]-, O CsHsNO3" 0.1676
146.0459 | E[M-H]- CsHsNO. -0.0096
Q[M-H-NH3-C0O2-H2]-, O, E[M-H-H20- -2.9981

82.0296 | CO2-H2]- C4HsNO"
99.0564 | Q C4H/N2O -0.2422
145.0618 | Q[M-H]- CsHgN2O3" -0.1225
80.0377 | H[M-H-C2H4NO2]- C4HaNy -3.5906
81.0456 | H[M-H-C2H3NO2]- C4HsNy -3.3029
93.0457 | H[M-H-NH3-CO2]- CsHsNy -1.0467
104.0254 | H CsHaoNg 0.2491
108.0568 | H[M-H-CH202]- CsHeN3' 0.5014
137.0356 | H CeHsN202 -0.1789
154.0622 | H[M-H]- CeHsN30» 0.0693
99.0087 | O CsH305 -0.2283
110.0248 | O CsH4NO2 0.4396
130.0510 | O[M-H]- CsHsNOsy -0.1193
114.0561 | I, L, P[M-H]- CsHgNO> 0.1790
128.0717 | I, L, K CeH1o0NO7 0.1792
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130.0873 | I/L[M-H]-, K CsH12NOz -0.1465
145.0982 | K[M-H]- CsH13N207 -0.2525
91.0552 | F[M-H-C2H3NO2]- CiHr -1.4441
97.0083 | F CoH- -0.2854
103.0554 | F[M-H-NH3-CO2]- CoHr 1.1557
118.0663 | F[M-H-CH202]- CaHsN- 0.4619
147.0452 | F CoH70, 0.0986
164.0717 | F[M-H]- CoH1NOZ" 0.2077
112.0405 | O[M-H-H20]-, P CsHeNO, 0.5549
87.0086 | S CsH305 -2.3018
104.0354 | S[M-H]- CsHeNO5 1.0068
118.0509 | T[M-H]- C4HsNOg -0.3057
108.0455 | W CoHeNO" 0.5073
116.0506 | W[M-H-C3H5NO2]- CaHeN- 0.3411
136.0533 | W CsHsO2 2.4015
142.0662 | W[M-H-NH3-CO2]- CioHsN- -0.3237
157.0771 | W CioHoNy -0.2129
203.0827 | W[M-H]- CuHuN:Oy 0.7090
93.0345 | Y[M-H-NH3-CO2-C2H2]- CoHsO" -1.0168
119.0502 | Y[M-H-NH3-CO2]- CeH/O" 0.0358
134.0611 | Y[M-H-CH202]- CeHaNO" 0.0438
163.0401 | Y[M-H-NH3]- CoH:05 -0.0824
180.0667 | Y[M-H]- CoH1NO3 0.2503
116.0717 | V[M-H]- CsH1oNO; 0.1656
102.9860 | C C3H3SO, 0.7006
221.0054 | E[M-OH+NH2-H-CO2]-* CsHaN203S5" 27119
102.0019 | C[M-H-H20]- CsHaSNO" -0.2241
127.0513 | Q[M-H-H20]- CsH/N207 0.0767
136.0516 | H[M-H-H20]- CoHeN3O" -0.2595
112.0768 | I/L[M-H-H20]- CsH1oNO" 0.5447
127.0877 | K[M-H-H20]- CsH1N20" 0.0540
146.0611 | F[M-H-H20]- CoHsNO" -0.0625
96.0454 | P[M-H-H20]- CsHsNO" -0.5016
185.0721 | W[M-H-H20]- CuHoN,O" 0.1453
162.0561 | Y[M-H-H20]- CoHsNO, 0.1569
98.0611 | V[M-H-H20]- CsHsNO" -0.3313
113.0721 | Ornithine[M-H-H20]-, P[M-OH+NH2-H]-* | CsHeN20" 0.6005
124.0074 | Taurine[M-H]- CoHeSNOs -0.1321
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129.0584 | W(NL) CoH/N- 0.2225
106.0425 | Y[M-H-NH3-CO2-CH]- CiHsO" 0.3984
96.0091 | D[M-H-2H20]-, N[M-H-NH3-H20]- CaHNO, -0.5151
84.0453 | E[M-H-H20-CO2]-, Q[M-H-NH3-CO2]- C4HeNO- -2.6867
101.0720 | E[M-OH+NH2-H-CO2]-, Q[M-H-CO2]- CaHgNO" -0.0746
109.0408 | Q[M-H-2H20]- CsHsNO" 0.3604
163.0877 | F[M-OH+NH2-H]-* CoHuN20" 0.2366
110.0724 | HIM-H-COZ2]- CsHsNg 0.4481
118.0411 | H[M-H-2H20]- CoHaNg 0.4551
153.0782 | H[M-OH+NH2-H]-* CeHaN4O" 0.3140
82.0660 | I/L[M-H-CH202-H2]- CsHsN- -2.9739
129.1034 | I/L[M-OH+NH2-H]-* CsH1sN20° 0.2178
97.0771 | K[M-H-CH202-H2]- CsHaN2 -0.4565
144.1142 | K[M-OH+NH2-H]-* CsH1N3O" -0.2131
95.0250 | N[M-H-2H20]- CaH3N0 -0.7458
130.0622 | N[M-OH+NH2-H]-* C4HsN30, -0.1597
112.0880 | R[M-H-NH3-CO2]- CsHioNg 0.2334
130.0986 | R[M-OH+NH2-H-CH2N2]-* CsH12N3O® -0.1554
115.0877 | V[M-OH+NH2-H]- CsHuN,O 0.2730
130.0662 | W[M-H-C2H3NO2]- CoHaN" -0.2105
159.0928 | W[M-H-CO2]- CioH1Ny 0.0471
186.0561 | W[M-H-NH3]- CuHsNO; 0.1681
202.0988 | W[M-OH+NH2-H]-* CuH12N30- 0.8747
107.0503 | Y[M-H-NH3-C202]- C/H, O 0.4057
133.0533 | Y[M-H-CH302]- CeH/NO 0.0028
136.0768 | Y[M-H-CO2]- CeH1NO" -0.1372
179.0826 | Y[M-OH+NH2-H]-* CoH1N;07 0.2280
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Figure 2.6. The comparison of amino acids (AAs) intensity in freeze dried H4 cells versus
samples in frozen hydrated conditions (freeze-dried/frozen hydrated). The normalized
intensity by total ion counts was used for all OrbiSIMS data analysis. A) The normalized
intensity of assigned AAs in freeze-dried H4 sample 1 and frozen hydrated H4 sample I were
plotted as a scatter plot. The plots spread in the upper left above the grey dotted line indicate
amino acids with higher signals in frozen hydration. Those located in the lower right below
the grey dotted line indicate AAs with higher signals in the freeze-dried state. B) The
volcano plot was used to visualize the statistical analysis of the comparison of AAs intensity
in freeze-dried and frozen hydrated H4 samples (n=3). Each circle was labelled with the
accurate mass for assigned amino acids. The fold change in amino acid intensity is
presented as the ratio between freeze-dried and frozen-hydrated conditions. The AAs with a
fold change > 2 or < -2 and an adjusted p-value below 0.05 were labelled in red or purple,
with the degree of red/purple corresponding to the fold change, as indicated by the scale bar
on the right side of Figure 2.6.B.
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2.4 Conclusions

Additionally, when considering frozen-hydrated analysis, sample throughput, time,
and expense must be factored into the experimental design. Firstly, due to the
limitations of the cryo stage size (around 2 x 2 cm), only 1-4 samples can be loaded at
a time, depending on sample size, which limits daily sample throughput. Secondly,
frozen-hydrated sample preparation requires 2-3 hours for preparation and instrument
setup, compared to freeze-dried analysis. This includes refilling the LN» tank and pre-
cooling the OrbiSIMS instrument and Leica VCT transfer system. Thirdly, the cost for
frozen-hydrated measurements is higher than for freeze-dried conditions, due to the
consumption of LN; and the use of the vacuum cryogenic transfer system. Typically,
a filled 80-liter LN> tank will only support up to two days of cryogenic OrbiSIMS
work. Overall, these three factors should be carefully considered when discussing and

designing frozen-hydrated OrbiSIMS measurements.

In our study, although some amino acids have higher intensity in frozen hydrated
samples, most lipid signals are reduced in frozen hydrated conditions. These lipid
signals are the primary metabolites of interest related to APOE, as it is a lipid transport
protein. Additionally, sample preparation for cryogenic conditions may introduce ice,
which complicates the spectrum and requires longer sample preparation time as well
as higher costs. The results demonstrate that the freeze-dried sample preparation
protocol is advantageous for investigating the role of ApoE4 in H4 neuroglioma cells.
Therefore, freeze-dried sample preparation for OrbiSIMS is used for the following

experiments.
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Chapter 3: Establishment of ApoE4-carrying H4

neuroglioma cells

3.1 Chapter aims

This chapter aims to develop ApoE4-carrying H4 cells for further OrbiSIMS analysis
to investigate the metabolic effects of ApoE4 in H4 neuroglioma cells. Firstly, the
genotype of ApoE in H4 neuroglioma cells needs to be assessed using sequencing
methods to determine which ApoE isoforms are present in the cells, as there is no
published information indicating the ApoE isoform expressed in H4 neuroglioma cells,
nor is this specified in the purchased safety data sheet from the American Type Culture
Collection (ATCC). Based on the ApoE isoforms expressed in H4 neuroglioma cells,
the gRNA will be designed to specifically target the ApoE sequence, followed by the
insertion of the ApoE4 donor DNA to replace the targeted sequence. To create H4
neuroglioma cells carrying ApoE4, the CRISPR-Cas9 gene-editing tool was used to
cut the ApoE sequence and deliver the gRNA and donor DNA into wild-type H4 cells,

resulting in the introduction of the ApoE4 isoform.

CRISPR-Cas9 is an immune response mechanism in the bacteria immune system,
which uses guide RNA (gRNA) and Cas9 complex to cleave viral DNA for protection.
CRISPR-Cas9 system consists of the Cas9 nuclease and guide RNA (crRNA,
tractrRNA), which has a 20-nt sequence that directs Cas9 to the DNA of interest,
preceded by the 5’-NGG PAM (protospacer adjacent motif) [172]. The Cas9 nuclease
cuts the gene of interest based on the gRNA sequences, inducing DNA double-stranded
breaks (DSBs). In response to DNA damage, organisms activate two pathways for
DNA repair: non-homologous end joining (NHEJ) and the homology-directed repair
(HDR). The genome prefers repairing DNA using the NHEJ pathway, which involves
insertions and deletions, resulting in gene knock-out. However, in the presence of
donor DNA (sharing homology sequences with the targeted gene), HDR is activated,
allowing specific DNA to be inserted into the DSB.

It has been published that HDR efficiency is much lower than NHEJ, with cells
predominantly using the NHEJ pathway to repair DNA breaks rather than the HDR
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pathway [173]. As a result, only a small proportion of cells will incorporate the donor
DNA. To increase the efficacy of the ApoE4 knock-in (KI), the fluorescent tagged
transfection method and monoclonal dilution method [174] could be employed to

select the KI cell line before conducting further analysis.

In this study, a donor DNA containing the ApoE4 gene was designed to activate the
HDR pathway. Due to the low efficiency of HDR-mediated ApoE4 knock-in,
monoclonal culture was used to select ApoE4 KI cell clones. The levels of tau
phosphorylation at sites 199 and 396, ApoE4 protein, and gene sequencing were used
to evaluate the ApoE4- carrying H4 cells.
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3.2 Methods
3.2.1 Reagents

Dulbecco’s Modified Eagle’s Medium-high glucose (D6429, Sigma life science), Fetal
bovine serum (F7524, Sigma life science), Penicillin-Streptomycin (P4333, Sigma life
science), 0.25 % Trypsin-EDTA (25200-056, Gibco), Phosphate Buffered Saline
(10010-015, Gibco), RIPA lysis buffer (89900, Thermo scientific), Halt Protease
Inhibitor Cocktail (87786, Thermo Scientific), Halt Phosphatase Inhibitor Cocktail
(78420, Thermo Scientific), Coomassie (Bradford) protein assay kit (23200, Thermo
Fisher Scientific), Lipofectamine CRISPRMAX Transfection Reagent (MAN0014545,
Thermo Fisher Scientific), Invitrogen TrueCut Cas9 Protein v2 (A36497, Thermo
Fisher Scientific), Tris Buffered Saline (TBS), 10x solution (10776834, Fisher
bioreagents), 10x Tris/Glycine/SDS Buffer (1610732, Bio rad), Trans-Blot Turbo
S5xTransfer Buffer (10026938), 4x Laemmli sample buffer (1610747, Bio rad),
Precision Plus protein dual colour standards (1610374, Bio rad), Mini-Protean TGX
Gels (4569035, Bio-Rad), Pierce ECL western blotting substrate (32106, Thermo

Scientific).

3.2.2 Cell culture and ApoE4 knock-in neuroglioma cell by Crispr-cas9

Neuroglioma cells H4 (ATCC® HTB-148TM) were obtained from the American Type
Culture Collection (ATCC) and grown at 37 °C with 5 % CO> in Dulbecco’s Modified
Eagle’s Medium supplemented with 10 % fetal bovine serum and 1 % penicillin-
streptomycin. H4 cells were passaged at a 1:4 ratio using 0.25 % Trypsin-EDTA (for
about 2min) when reaching approximately 80-90% confluency. All experiments were
performed using cells between passages 5-20. The cells were resuspended in a
cryopreservation medium (complete culture medium supplemented with 5 % DMSO)

for cryopreservation.

To start with the ApoE4 gene knock-in (KI) process, gRNA is firstly designed
according to the target sequence, following the Invitrogen TrueDesign Genome Editor

platform that designs gRNA and Donor DNA
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(https://apps.thermofisher.com/apps/genome-editing-portal/). The gRNA and donor

DNA sequences of the ApoE4 gene are shown in Table 2.1.

Table 2. 1. The sequences of gRNA and donor DNA for ApoE4 gene

Reagents Sequences
gRNA G*G*A*GGACGUGUGCGGCCGCC + modified scaffold
Donor DNA OECAGGCCCGGCTGGGCGCGGACATGGAGGACGTGCGCGGLCCGLCTG

GTGCAGTACCGCGGCGAGGTGCAGGCCAZEC

The cells are seeded as 4x10°/well in a 6-well plate before transfection so that they are

50 % confluent on the day of transfection. On the day of transfection, the

manufacturer’s guide is followed for gene editing (Table 2.2).

On the day of transfection, prepare Tube 1 and Tube 2 as described in the table,

incubate Tube 2 for 1min at RT, then add Tube 2 into Tubel and mix well by pipetting.

After incubating for 10min at RT, the transfection mixture is added to cells and

incubated at 37 °C, 5 % CO; for 2 days. Finally, the transfected samples are used for

further analysis and monoclonal culture.

Table 2. 2. The gene-editing protocol and medium used in ApoE4 knock-in experiment

Tube 1: Reagent

6-well

Opti-MEM™ |
Medium
TrueCut™ Cas9
Protein v2

gRNA(10uM)
Donor DNA

Lipofectamine™ Cas9
PLUS Reagent

125 uL

6.26 pL (6250 ng/37.5
pmol)

3.75 uL (1200 ng/37.5
pmol)

10.2 uL (2500 ng)
12.5 uL

Tube 2: Reagent 6-well
Opti-MEM™ | 125 uL
Medium
Lipofectamine™ 7.5 uL

CRISPRMAX™

Reagent
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3.2.3 Isolating a monoclonal cell population by limiting dilution

After transfection, the cells are isolated by trypsin and the concentration of cells is
quantified by a hemocytometer. The cell suspension is further diluted at a
concentration of 5 cells/mL, and 100 pL of the 5 cells/mL suspension is transferred
into each well of the 96-well plate and incubated for 7-14 days. Once the cells reach
80 % confluence, the cells are transferred and expanded to 12-well plates and 6-well
plates. The expanded cells are used to perform Western blot to screen for lines with

the highest ApoE4 expression.

3.2.4 Protein extraction and Western blot

Proteins in cells were extracted using RIPA lysis buffer containing Halt Protease
Inhibitor Cocktail and Halt Phosphatase Inhibitor Cocktail. The protein concentration
was determined and normalized to the protein concentration of 2.5 pg/ uL for each cell
lysate, an equal volume of 4X Laemmli sample buffer was added in. Cell lysate in
sample buffer was then boiled at 100 °C for 5 min to reduce and denature proteins in
samples. 20 pg of total protein of each sample was loaded into each well of SDS-
PAGE gel (12 %), along with a molecular weight marker. The gel was run for 30 min
at 80V, followed by 120 V for 60 min. Proteins in the gel were transferred to the PVDF
membrane at 2.5 A, 25 V for 3 min in the Bio-Rad turbo system. The membrane was
blocked for 1 h at room temperature using blocking buffer (5 % BSA). The PVDF
membrane was incubated with APOE4 antibody (1:1000 dilution) in blocking buffer
overnight at 4 °C. After incubating overnight with primary antibody, the membrane
was washed three times with TBST for 10 min each. The membrane was incubated
with secondary antibody in blocking buffer at RT for 1 h and then washed three times
with TBST for 10 min each. The secondary antibody in membrane was detected by
Chemiluminescent solution using GelDoc. Information of the primary and secondary
antibodies is as follows: B-actin (sigma, 1:1000), ApoE4 (1:1000), anti-rabbit IgG
(A6154 sigma, 1:5000), anti-mouse IgG (A4416 sigma, 1:4000).
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3.2.5 Total tau and pTau (S199, S396) quantification

The total tau and phosphorylation of tau on serine 199 and 396 were quantified using
ELISA kits (RAB1085, Sigma-Aldrich; KHB7041, KHB7031, Thermo Fisher
Scientific) according to the manufacturer's instructions. Briefly, 50 uL of sample and
50 pL of standard diluent buffer was added into each well of the antibody-coated plate
and tap gently on side of the plate to mix. Incubate 2 hours at room temperature then
wash wells 4 times with wash buffer. Add 100uL of Hu Tau (pS199 or pS396)
detection antibody solution into each well and incubate 1 h (pS199) or 2 h (pS396) at
RT. After 4 times washing, add 100 pL anti-rabbit IgG HRP solution into each well
and incubate for 30 min at RT. After washing, add 100 pL stabilized chromogen to
each well for incubating 30 min at RT in the dark. Finally, add 100 pL stop solution

and read the absorbance at 450 nm within 2 h after adding the stop solution.

3.2.6 DNA isolation and Sanger sequence analysis

Cells are grown in a 6-well plate for 24 h before DNA isolation, after aspirating with
culture medium and being washed twice by PBS, 1 ml DNAzol Reagent (Invitrogen™,
10503027) is added into each well. The cells are lysed by gently pipetting after being
transferred into new Eppendorf tubes. DNA from cell lysate is precipitated by adding
500 pL pure ethanol, mixed by inversion, and stored at room temperature for 3 min.
DNA quickly becomes visible, then the supernatant is aspirated. DNA precipitate is
washed twice with 1 ml of 75 % ethanol. DNA is air-dried for 15 s after removing
ethanol. DNA is then dissolved in 300 pL of 8 mM NaOH. DNA in NaOH solution is

stable for more than one year at -20 °C.

The PCR products for sequencing are generated using Q5 High-Fidelity DNA
polymerase (NEB, M0491), followed by the manufacturer’s guidance. Forward primer
for PCR (F-CCTCCCACTGTGCGACACCCTCC) and reverse primer (R-
GTCCGGCTGCCCATCTCCTCCAT) were obtained from Invitrogen. PCR product
length is ~532 bp. PCR products were sent to the DNA sequencing facility of the

University of Nottingham for Sanger sequence analysis.
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3.2.7 Statistical analysis

Data were analysed using GraphPad Prism and are expressed as the mean =+ standard
deviation (SD). Statistical significance of differences was evaluated using Student’s t-

test and p<0.05 was considered statistically significant.

71



3.3 Results and Discussion

3.3.1 CRISPR-Cas9 transfection

Firstly, the ApoE genotype of wild-type H4 neuroglioma cells was assessed using the
Sanger sequencing method. The results showed that the ApoE genotype of H4
neuroglioma cells is ApoE3 (Figure 3.1). Figure 3.1A displays the single nucleotide
polymorphism (SNP) site rs429358, which determines the expression of amino acid
residue 112 in the ApoE protein, while SNP rs7412 (Figure 3.1B) controls the
expression of amino acid residue 158. The codon TGC corresponds to cysteine, and
CGC corresponds to arginine. Based on the sequencing data shown in Figure 3.1, the
presence of TGC (rs429358) and CGC (rs7412) in wild-type H4 cells indicates that
only ApoE3 is expressed.

Wild-type H4

G G A c G T G T G C G G C [ o3 G c C T G

W W/

rs429358

22 223 224 225 226 27 228 229 230 31 232 233 234 238 238 237
A G G A Cc G T G T G C G G C C G

239 240 241

N
ag

A ‘,"‘l‘.\ //‘\ /'M/n\ p
AW VI WYY
rs7412

366 367368 369 370 P71 372 373 374 375 376 377 378 379 380 381 282
A G| C G C C - G G C A G b < G T A c C
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Figure 3.1. The ApoE genotype of wild-type H4 cells detected by Sanger sequencing
method. The ApoE isoforms are identified by the SNPs rs429358 and rs7412: ApoE2
(rs429358 TGC/rs7412 TGC), ApoE3 (TGC/CGC), and ApoE4 (CGC/CGC). A) The
DNA sequence of SNP rs429358 in the ApoE genome is TGC; B) The DNA
sequence of SNP rs7412 is CGC. Therefore, the genotype of ApoE in wild-type H4
neuroglioma cells is ApoE3 (TGC/CGC).

ApoE is predominantly expressed by astrocytes and microglia in the brain, with
APOES3 being the most abundantly expressed isoform in the human body compared to
APOE2 and APOEA4. To investigate the mechanism of ApoE4 in Alzheimer’s disease,
H4 neuroglioma cells were chosen as the cellular model. This immortalised cell line
offers several advantages, including lower cost, ease of culture, and established use in
Alzheimer’s disease research. H4 cells have been widely utilised as a model system to
explore mechanisms related to Alzheimer’s disease pathogenesis [175, 176]. In this
model, ApoE3 was mutated into ApoE4 by substituting a thymine (T) with a cytosine
(C) at the rs429358 locus, resulting in a cysteine-to-arginine substitution (Figure 3.2A).

In terms of the knock-in mechanism, the gRNA is designed according to the target
sequence. Then designed gRNA is combined with the Cas9 protein, and the gRNA-
Cas9 complex is transfected into the cell using a lipofectamine reagent. When the
DNA is cleaved by Cas9, two pathways can occur (Figure 3.2B): non-homologous end
joining (NHEJ), which is the preferred pathway when using CRISPR-Cas9 to generate
a genetic knockout, and HDR. In HDR, a donor DNA template that shares homology
with the targeted area can induce HDR, resulting in the knock-in of the APOE4

sequence.
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APOE3 GGCCGACCCGCGCCTGTACCTCCTGCA GCCGGCGGACCACGTCATGGCG
B L G A)DES E . D)Y GIR)L)VIO) YR
Exon 4

CCGGCTGGGCGCGGACATGGAGGACGT%CGGCCGCCTGGTGCAGTACCGC(
i

CCGGCTGGGCGCGGACATGGAGGACGTGCGCGGCCGCCTGGTGCAGTACCGC(
APOE4 GGCCGACCCGCGCCTGTACCTCCTGCACGCGCCGGCGGACCACGTCATGGCH
R)JL G AJDJN E)D)VIR GJRILIVJIO YR

Exon 4

Double-stranded break Homology-directed repair
“:u\ohoemo.!.:!«ul Corrects gene of interest
A, 2 a1 QR 1 A
Meckeosde ddeton Meckeosdo ddncn ><‘ ><
:’v.::: o :T‘l :':A Donot DNA

Repaired DNA

Figure 3. 2. The principle of SNP mutation and gene-editing by CRISPR-Cas9. A)
The illustration of the SNP mutation from ApoE3 to ApoE4 by altering the rs429358
sequence from TGC to CGC. B) The designed gRNA sequence and the pathways of
non-homologous end joining (NHEJ) and homology-directed repair (HDR) used in

cell repair mechanisms.

After adding the transfection reagent into the cell culture medium as mentioned in
Table 2.2, the cells were cultured for three days. Then, the cells were collected, and
proteins were extracted for Western blot and phosphorylation tau tests. The cell
passage collected directly after transfection was named passage 1 (P1), and subsequent

passages were named as passage 2 (P2). ApoE4 expression was tested by Western
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blotting. After transfection, ApoE4 levels decreased compared to the non-transfected
group (Figure 3.3). These results indicate that the depletion of ApoE leads to a low
level of ApoE4.

However, the Western blotting imaging showed the presence of ApoE4 in wild-type
H4 control cells, which is controversial given that the Sanger sequencing results
demonstrated only ApoE3 in control H4 cells. One possible reason could be the non-
specificity of the ApoE4 antibody, which may have been bound to ApoE3. Therefore,
another evaluation method was needed, and the level of tau phosphorylation was
examined. The presence of ApoE4 is related to hyperphosphorylation of Tau, so p-tau
was detected using the ELISA kit.

According to the literature, serine phosphorylation sites 199 and 396 were chosen
[177]. The levels of pS199 and pS396 in passage 1 cells after transfection decreased
significantly compared to the control group (Figure 3.4A). The relative concentration
level of pS199 in transfected cells (0.40 + 0.02) decreased by approximately 2.5 times
compared to control cells (1.00 £ 0.06). The reduction of pS396 in transfected cells
(0.18 = 0.02) was about 5.5 times compared to the control (1.00 + 0.07).

When the transfected cell line was passaged to passage 2 (Figure 3.4B), the levels of
pS199 and pS396 also decreased. The level of pS199 (0.72 + 0.03) reduced by
approximately 1.38 times compared to the control level (1.00 + 0.03), while pS396
(0.68 £ 0.04) in transfected cells decreased by approximately 1.5 times compared to
the control H4 cells (1.00 + 0.03). However, the decreased fold change of pS199 and
pS396 in passage 2 transfected cells compared to control H4 cells decreased from 2.5
to 1.38 times and from 5.5 to 1.5 times, respectively. These results indicate that the
efficiency of knock-in is very low, resulting mostly in ApoE knock-out, which leads

to decreased ApoE4 and p-Tau levels.

Additionally, the transfection efficiency reduces over passage time. In conclusion, the
gRNA and Cas9 protein effectively guided and cut the targeted gene, resulting in stable
ApoE knock-out cell lines. However, the knock-in efficiency is very low, necessitating

further optimisation of selection methods.
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Figure 3.3. The western blotting image of ApoE4 (34 kDa) and actin (42 kDa) in
control H4 and transfected H4 cells.
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Figure 3.4. The hyperphosphorylation of tau protein level analysis between
transfected group and control group. A) Relative concentration ratio of
hyperphosphorylation pS199 and pS396 tau after transfection in passage 1 of cells.
B) Relative concentration ratio of hyperphosphorylation pS396 tau after transfection
in passage 2 of cells. Data are expressed as the mean £ SD (n=3). ***p < 0.001,
XX D < 0.0001.
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3.3.2 Monoclonal culture of transfected H4 cells

After transfecting by CRISPR Cas9, to select the most effective transfection cell being
knock in of ApoE4, the limiting dilution method is used for selecting and expanding
from single cell. Figure 3.5 shows the western blotting results for selecting monoclonal
cell population with the highest or lowest transgene expression. 42 monoclonal cell
pools were collected, lots of cell populations are ApoE4 low expression, for example,
cell line 7 decreased 5 times compared with the no-transfected group (Figure 3.5 A).
While there are 4 pools of ApoE4 over-expression (19, 22, 23, 36) (Figure 3.5 C, D),
among them cell line 36 is most significantly ApoE4 over-expression represent more
than 2 times compared with the control group (Figure 3.5 D). Therefore, cell line 36
was used to further analysis as ApoE4 knock-in group.
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Figure 3.5. The ApoE4 expression in monoclonal cell populations (1-36) of the
gene-editing group by limiting dilution. A) The western blotting analysis and relative
comparison of ApoE4 expression in 1-9 monoclonal pools with the control group. B)

The western blotting analysis and relative comparison of ApoE4 expression in 10-18
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monoclonal pools with the control group. C) The western blotting analysis and
relative comparison of ApoE4 expression in 19-27 monoclonal pools with the control
group. D) The western blotting analysis and relative comparison of ApoE4

expression in 28-36 monoclonal pools with the control group.

Cell line 36 has been further expanded and passaged for validation (Figure 3.6).
Compared with control H4 cells, the high expression of ApoE4 and the increase in
pS199 levels (Figure 3.6 A & B) suggest the most significant ApoE4 overexpression
in cell line 36. The pS199 in ApoE4 KI cell line 36 (1.48 + 0.07) increased by
approximately 1.48 times compared to the control (1.00 + 0.02), and pS396 (2.53 +
0.53) increased by 2.53 times compared to the control (1.00  0.13). Furthermore, the
Sanger sequencing result indicated that the TGC site of wild-type H4 has been changed
to CGC, showing the successful ApoE4 knock-in of cell line 36 (Figure 3.6C).
Therefore, cell line 36 was used for further analysis as the ApoE4 knock-in group.
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Figure 3.6. Validation of ApoE4 KI cell line 36. A) The ApoE4 expression in
monoclonal cell line 36. B) The pS199 and pS396 level were tested in control H4
cells compared to ApoE4 KI cell line 36. C) The Sanger sequence results of ApoE4
KI cell line indicate the TGC site of wild-type H4 has been changed to CGC.
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In this study, we used CRISPR-Cas9 gene-editing tools to manipulate the ApoE allelic
variants in astrocytes to research the mechanism of ApoE4 in AD. To increase the low
efficiency of ApoE4 knock-in, transfected cells have been selected by the limiting
dilution monoclonal method. Then the ApoE4 over-expression cell line was selected
for further analysis. Compared with the control group, the hyperphosphorylated tau of
pS199 increased in ApoE4 over-expression group. Therefore, ApoE4-carried
neuroglioma H4 cells were generated using CRISPR/Cas9 gene-editing technology
and selected by monoclonal culturing. Two groups of H4 cells, Control and ApoE4-

carrying, are applied as cell models for further metabolomic and proteomic studies.

A potential problem with this ApoE4 KI model is the lack of clinical relevance because
H4 cells, being immobilized, cannot fully represent the actual impact of ApoE4 on the
human brain. The brain involves many cell types, including neurons, astrocytes, and
microglia, and cell-cell communication plays a significant role in AD. Therefore, it is
necessary to apply this model to other types of cells and co-culture systems to fully

understand the ApoE4 mechanism in AD.
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3.4 Conclusions

This chapter explored the ApoE4 knock-in (KI) method in H4 neuroglioma cells using
the CRISPR-Cas9 transfection approach, coupled with monoclonal cell culture to
select KI cell lines. For the first time, the ApoE genotype of wild-type H4 neuroglioma
cells was assessed, revealing that only the ApoE3 isoform is expressed. This finding
expands the potential application of H4 neuroglioma cells in ApoE4-related

pathogenesis studies.

The significant reduction in ApoE4 levels and phosphorylated tau levels indicated
successful targeting and cleavage of the DNA sequence near the rs429358 site.
However, this study also highlighted the low efficiency of the gene knock-in process,
as demonstrated by reduced ApoE protein levels and decreased phosphorylated tau
levels after transfection without any selection method. To overcome this limitation,
monoclonal selection was employed to identify and isolate ApoE4 knock-in H4 cell
lines, providing a more reliable model for further studies. The significantly increased
levels of pS199 and pS396, along with Sanger sequencing results, confirm the

successful selection and evaluation of the ApoE4 knock-in cell line.

However, limitations remain with the gene-editing method used in this chapter. The
CRISPR-Cas9 system is often associated with off-target or mis-target effects, which
may result in Cas9 cleaving unintended sites in the DNA outside of rs429358. This
possibility raises concerns about unintended genetic alterations and highlights the need
for whole-genome sequencing of H4 cells to identify and evaluate any off-target

effects.
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Chapter 4: A Novel Approach to Investigate
ApoE4-Mediated Metabolic Alterations in H4
Neuroglioma Cells Using OrbiSIMS

4.1. Chapter aims

This chapter aims to explore the possibility of using OrbiSIMS as a multi-omics tool.
This will be assessed in two stage process: firstly, by identifying the classes of
metabolites/lipids that OrbiSIMS can detect in H4 cells, and secondly, by determining
whether OrbiSIMS data can successfully differentiate the molecular differences

between H4 control cells and ApoE4 knock-in cells.

The sample preparation methods presented in Chapter 2 describe the benefits of
freeze-dried sample preparation for H4 cells, particularly for achieving higher lipid
signals in OrbiSIMS, in comparison with cryo-OrbiSIMS. Apolipoprotein E4 is an
important lipid transport protein that plays a crucial role in lipid metabolism. To
investigate ApoE4-related molecular changes in H4 cells, freeze-drying OrbiSIMS
analysis was selected as the preferred method of analysis, because it provides a
stronger lipid signal, as mentioned in Chapter 2. The ApoE4 KI H4 cell model
presented in Chapter 3, along with wild-type H4 cells, were freeze-dried and analysed

by OrbiSIMS at room temperature.

Due to the complexity of the OrbiSIMS spectra, simsMFP was applied for ion
assignment. The predicted chemical formulas obtained from simsMFP were matched
with LipidMaps and the Human Metabolome Database (HMDB) to annotate the
metabolite categories and names. Multivariate analysis, specifically principal
component analysis (PCA), will be used to distinguish the metabolite profiles between
wild type/control H4 cells and ApoE4 KI cells. For significant statistical analysis, a t-
test and VIP values will be used to select and identify the most significantly changed

metabolites in ApoE4 KI cells compared to H4 control cells. Furthermore, the
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metabolic pathways, in which these significant metabolites are mostly enriched, will

be analysed using pathway/enrichment analysis in MetaboAnalyst.

4.2 Methods
4.2.1 Freeze dried sample preparation and OrbiSIMS measurement

The non-transfected cells and transfected cells were seeded on glass slides merged in
a complete culture medium for 24 h. The freeze died sample preparation has been

mentioned in Chapter 2, method 2.2.1.

The measurement set up of OrbiSIMS at room temperature has been mentioned in

Chapter 2, method 2.2.2.

4.2.2 Data analysis and identification and annotation of metabolites

The OrbiSIMS is operated by software provided by SurfaceLab7 (IONTOF, Germany).
First, we performed a peak search on each raw data, a minimum counts threshold 5000
was set by visual inspection of the spectra that distinguished it from a noise peak. Ions
extracted from the spectrum are assigned by applying elemental restrictions with mass
deviation < 2.5 ppm for ions > m/z 95 and 5 ppm for ions < m/z 95 for molecular
formula prediction. Which is conducted by using software simsMFP (SimsMFP is a
Matlab-based script developed by Max et al. [156], especially for chemical filtering
of the OrbiSIMS dataset): Lipid search (Ci-230, H3-130, No-2, Oo-20, Po2, So-1), other
energy related metabolism (Cs30, Hi4o, No-10, Oo2s, Po3, So-1). Subsequentially,
matching the chemical formula with LIPID MAPS
(https://www.lipidmaps.org/databases/Imsd/overview) and HMDB  database
(https://hmdb.ca/spectra/ms/search).

Data were analysed using GraphPad Prism and expressed as the mean + standard
deviation (SD). The statistically significant difference of the metabolites between

control and ApoE4 KI group was evaluated using Student’s t-test and PLS-DA. FDR-
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adjusted p-value <0.05 combined with VIP >1 was considered as statistical

significance.

4.2.3 Pathway and enrichment analysis

Pathway and enrichment analysis are performed using Metaboanalyst web-based

software (https://www.metaboanalyst.ca/). Lipid enrichment is based on 35 super and

464 main chemical class metabolite sets or lipid sets, with containing at least 2 entries

to match the metabolite set library.

4.2.4 HCS LipidTOX™ green neutral lipid stain

H4 cells were plated at a density of 5x10°/well in a 6-well plate with 50 pg/mL poly-
D-lysine coated 1* coverslips. After incubation at 37 °C with 5 % CO> for 24 h, cells
were fixed by 4 % formaldehyde for 30 min at RT. Cells were washed with PBS buffer
3 times and then incubate with 1x LipidTOX neutral lipid stain for 30 min. NucBlue
DAPI stain was incubated with cells for 5 min before imaging. After cells have been
stained with Lipid and DAPI dyes, coverslips were picked up and gently mounted by
using Fluoromount™ Aqueous Mounting Medium (Sigma, F4680) on the glass slides.
Allow fluoromount to dry for 30-45 min at RT, then the stained samples were imaged
using Confocal microscope from the Nanoscale and Microscale Research Centre of
University of Nottingham. For LipidTox staining, an excitation wavelength of 498 nm
and an emission wavelength of 507 nm were used. For imaging DAPI,

excitation/emission (Ex/Em) wavelengths of 353 nm and 465 nm were utilised.
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4.3 Results and Discussion
4.3.1 OrbiSIMS metabolites assignment by simsMFP

After ApoE4-KI and control H4 cells were grown on the chamber slide for 24 hours,
they were freeze-dried under vacuum conditions, followed by OrbiSIMS depth
profiling analysis in negative polarity. Example spectra from one of the H4 control
samples and ApoE4 KI samples are presented in Figure 4.1 as overlaid spectra. Some
parts of the control spectrum overlapped with the ApoE4 KI spectrum, while some
peaks were not visible in the ApoE4 KI spectrum, especially in the mass range m/z
400-700. This might relate to lipid ions, as suggested by the results in Chapter 2,

indicating that the peaks in this mass range are likely assigned to lipid species.
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Figure 4.1. The overlayed spectra of H4 control and ApoE4 KI OrbiSIMS dataset.

The x-axis is the m/z value, y-axis is presented as normalised intensity.
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Next, the simsMFP was used to assign the ions from both control and ApoE4 KI
samples as discussed in Chapter 2. All ions from each dataset were generated and
extracted by searching peaks that can differentia them with noise peaks. Finally, 192
putatively annotated metabolites have been detected from H4 control and ApoE4-KI
groups using the OrbiSIMS by assigning chemical formula using simsMFP software
[156] (Lipid search (Ci-230, H3-130, No-2, Oo0-20, Po2, So-1), other energy related
metabolism (Csz-30, Hi40, No-1o, Oo-25, Po-3, So-1)), followed by matching with
LipidMaps and HMDB databases (Table 4.1.). These 192 putatively annotated
metabolites are classified into nine groups based on their major chemical classes and
involvement in metabolism pathways, including lipids, amino acids and derivatives,
carbohydrates and carbohydrate conjugates, carboxylic/dicarboxylic acids and
derivatives, purines nucleotides and purine derivatives, pyridines and derivatives,
pyrimidines and pyrimidine derivatives, neurotransmitters, and other organic
compounds. The numbers of each class of annotated metabolites are presented in Table
4.2. Notably, lipids constitute a substantial portion of these metabolites, a finding that
is supported by the inherent capability of SIMS to analyse intact lipids effectively.

Table 4. 1. The peak list of annotated metabolites in OrbiSIMS analysis.

Metabolites Deviatio | Accurate | Formula Metabolites Deviatio | Accura | Formula
n peak n te peak
mass mass
myo-Inositol [M-H]~ | 0.5 179.0563 Ce¢H1O¢ LPG 0O-33:4/PA | 04 699.497 | CsoH7,08P"
36:2/PA O- 3
36:3;0 [M-H]~
Lactate [M-H]~ -2.0 89.0246 C;Hs05 LPA 32:1;0/LPG | 0.7 647.466 | C;sHesOsP
0-29:2/PA 2
32:0/PA O-
32:1;0/DG
39:9/DG O-
39:10;0/TG O-
39:9 [M-H]~
1- -0.2 100.0404 | C,HeNO, PA 38:1/PA O- | 0.6 729.544 | C4H7505P
Aminocyclopropane
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-1-carboxylate [M-

HI

38:2;0 [M-H]

Alanine [M-H]

88.0402

C3H¢NO,

PA 38:3/PA O-
38:4,0/DG
45:12/TG O-
45:12 [M-H]~

13

725.513
4

C41H7405P"

Asparagine [M-H]

131.0465

C4H7N,O5"

PA 38:4/PA O-
38:5;0 [M-H]

723.496
5

C41H7,08P"

Glutamate [M-H]~

0.0

146.0461

C5H8N04_

CerP
39:1;04/LPC
31:1;0/LPE
34:1;0/LPS O-
33:1/PC 31:0/PC
0-31:1;0/PE
34:0/PE O-
34:1;0 [M-H]

0.7

718.539
8

C39oH77/NOgP"

Glutamine [M-H]~

145.0620

CsHoN,Oy”

CerP
39:2;04/LPC
31:2;0/LPE
34:2;,0/LPS O-
33:2/PC 31:1/PC
0-31:2;0/PE
34:1/PE O-
34:2;0 [M-H]

0.4

716.523
9

C39H7sNOgP

Histidine [M-H]"

0.1

154.0622

CeHgN30O5"

CerP
41:2;04/LPC
33:2;0/PC
33:1/PC O-
33:2;:0/PE
36:1/PE O-
36:2;0 [M-H]

0.8

744.555
5

C41H79NOgP

Leucine/isoleucine

[M-H]

130.0873

CcH,NOy

CerP
41:3;04/LPC
33:3;0/PC
33:2/PC O-
33:3,0/PE
36:2/PE O-

1.7

742.540
5

C41H77NOgP
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36:3;0 [M-H]

Lysine [M-H]~

145.0982

CeHisN,Oy

CerP
42:2,04/LPC
34:2;0/PC
34:1/PC O-
34:2;,0/PE
37:1/PE O-
37:2;0 [M-H]

-2

758.569
0

Cy2HgiINOgP-

Ornithine [M-H]~

131.0826

CsHiN,Oy

CerP
42:3,04/LPC
34:3,0/PC
34:2/PC O-
34:3;0/PE
37:2/PE O-
37:3;0 [M-H]-

13

756.555
9

C4H7oNOgP

Proline [M-H]"

0.2

114.0561

CsHgNO,

PE(38:3)/HexCer
37:3,04 [M-H]"

13

768.564
9

C43H7oNOgP-

Taurine [M-H]~

124.0076

C,H¢NO;S”

CerP 43:5,04/PC
35:4/PC O-
35:5,0/PE
38:4/PE O-
38:5;0 [M-H]

22

766.540
9

Cy3H77NOgP

Tryptophan [M-H]~

0.7

203.0828

C]IH]INZOZ

PC 37:7/PC O-
37:8,0/PE
40:7/PE O-
40:8;0 [M-H]

788.523
1

C45H7sNOgP

Tyrosine [M-H]"

0.3

180.0668

CoHoNO3"

PC 39:9/PC O-
39:10;0/PE
42:9/PE o-
42:10;0 [M-H]

812.523
1

C47H7sNOgP

Valine [M-H]~

0.2

118.0861

CsHoNOy

CerP
39:2;03/LPC
31:2/LPC O-
31:3;0/LPE
34:2/LPE O-
34:3;0/PC 0O-

0.5

700.529
0

C39H7sNO7P
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31:2/PE 0-34:2/
PE(P-34:1) [M-
H]

Aspartate [M-H]~ 1.3 132.0305 C4HgNOy PE(P-36:1) [M- | 34 728.562 | C4H79NO7P
H] 4
Acetylglycine [M- | 0.3 116.0353 CsHeNO5 CerP 43:3;03/PC | 1.8 754.577 | CuHgiNO;P
H] 0-35:3/PE O- 0
38:3/ PE(P-38:2)
[M-H]-
1-Methyl-histidine 0.0 168.0779 C;HoN;O, | CerP 43:6;,03/PC | 2.1 748.530 | C43H7sNOsP-
[M-H]- 0-35:6/PE  O- 3
38:6/ PE(P-38:5)
[M-H]”
C16 taurine [M-H]~ 0.6 362.2373 CisH36NO4 | PE(P- 9.3 774.551 | C4sH77NO;P-
S 40:6)/HexCer 5
39:6;03 [M-H]~
C18:1 taurine [M- | -0.5 388.2525 CyH3sNOs | BMP  34:1/LPG | 0.3 747.518 | C4oH76010P
H] S 34:2;0/PG 4
34:1/PG 0O-
34:2;0 [M-H]
Cysteate [M-H]~ 1.7 167.9974 C3HgNOsS™ | DG 46:10;,02/TG | 1.5 775.550 | C42HgoO10P"
46:9;,0/TG  O- 7
46:10;02/PG
36:1/PG O-
36:2;0 [M-H]
Glutathione [M-H]’ 0.5 306.0766 C]0H16N306 PG 36:2/PG O- 0.5 773.534 C42H7gO|0P'
S 36:3;0 [M-H] 2
Homocysteic  acid | 1.8 182.0132 C4HsNOsS™ | Phosphocholine- -0.1 168.043 | C4H;INO4P-
[M-H] CH3 [M-H]~ 1
Kynurenine [M-H]" 0.4 207.0776 CioHiN.Os | PI head group | 0.8 241.012 | C¢H,oPOg

[M-HJ"

1
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N-Acetylhistidine 0.3 196.0728 CgHoN;O5” | LPI  32:1;0/PI | 0.4 809.518 | C4H750,5P
[M-H] 32:0/PI O-32:1;0 8
[M-H]
Phenylalanine [M- | 0.2 164.0719 | CoH;oNOy LPI  32:2;0/P1 | -0.4 807.502 | C4H70,3P
H] 32:1/P1 0-32:2;0 6
[M-HJ"
Pyroglutamic  acid | 0.2 128.0356 | CsHeNO5 LPI  34:2;0/PI | 0.1 835.534 | Cu3Hg0045P"
[M-H] 34:1/P1 O-34:2;0 3
[M-H]”
N-Acetylaspartate 1.0 174.0409 | CeHsNOs LPI  34:3;0/PI | -0.2 833.518 | Cu3H705P
[M-H] 34:2/P1 0-34:3;0 4
[M-H]”
4-Aminobenzoate -0.3 136.0404 | C;HeNO, PI 35:1/P1 O-| 0.2 849.550 | CuHs043P"
[M-H] 35:2;0 [M-H]" 0
Benzoate [M-H]~ 0.1 121.0295 C;Hs0, PI 35:2/P1 O-| 02 847.534 | CusHsgoO43P"
35:3;0 [M-H]~ 4
Hippurate [M-H]~ 0.4 178.0512 | CoHgNO5 PI 36:1/PI O- | 03 863.565 | C4sHssO43P"
36:2;0 [M-H]~ 7
Dimethylbenzimidaz | -0.2 145.0771 CoHoNy PI 36:2/P1 O-| 03 861.550 | C4sHsO43P"
ole [M-H] 36:3;0 [M-H] 1
Glucose 6-phosphate | 0.6 259.0226 | C¢H2,09P" PI 36:3/P1 O-| 0.8 859.534 | C4sHgoO43P"
[M-H] 36:4;0 [M-H]~ 9
Glyceraldehyde 3- | 0.8 168.9909 | C5HsO¢P" PI 36:4/P1 O-| 0.7 857.519 | C4sH750,5P"
phosphate [M-H]~ 36:5;0 [M-H] 1
S-phOSphO-(l-D- 0.7 370.9340 CsHoP30:5 PI 37:1/P1 O- 1.5 877.582 C46HgcO 3P
ribose 1- 37:2;0 [M-H] 5

diphosphate, [M-H-
H20]-
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Glucosamine 6- | 0.6 240.0281 C¢H;;PNO; | PI 37:2/P1 O- | 1.2 875.566 | CuHssO13P

phosphate,  [M-H- 37:3;0 [M-H] 6

H20]-

XSP/R5P [M-H- | 0.5 211.0014 CsHgPO7 PI 37:3/P1 O- | -0.7 873.549 | C46Hg:013P"

H20]- 37:4;0 [M-H] 2

N-Acetyl- 08 3000492 CRH[SNO()P PI 374/PI O- -1.7 87 1 532 C46H30013P'

glucosamine 1- 37:5,0 [M-H] 7

phosphate [M-H]~

5-Aminolevulinate -0.1 130.0512 | CsHoNO5y PI 38:1/PI O-| L5 891.598 | C47Hss043P"

[M-H] 38:2;0 [M-H]~ 1

Creatine [M-H]~ -0.2 130.0622 | C4HsN;Oy PI 382/P1 O-| 02 889.581 | C47Hs6043P"
38:3;0 [M-H]~ 3

Creatinine [M-H]~ 0.6 112.0517 CsHgN;O PI 383/P1 O-| 04 887.565 | Cy47Hs4O43P"
38:4;0 [M-H]~ 9

Fumarate [M-H]" 0.1 115.0040 C4H;04 PI 384/PI O-| 0.2 885.550 | C47Hs043P"
38:5;0 [M-H]~ 1

Succinate [M-H]~ 2.0 117.0196 C4HsO4 PI 385/PI O-| 02 883.534 | C47Hs0043P"
38:6;0 [M-H]~ 3

2-Oxobutanoate [M- | -0.3 101.0247 | C4H¢O5 PI 38:6/P1 O-| -0.7 881.517 | Cy4H750,5P"

H] 38:7;0 [M-H]~ 9

Glycerol 3-103 171.0067 | CsHsO06P" PI 39:3/P1 O-| 02 901.581 | CusH_56015P"

phosphate [M-H]~ 39:4;0 [M-H] 3

Itaconate [M-H]~ 0.2 129.0194 | CsHsO4 PI 39:4/P1 O-| 03 899.565 | CusHs4O43P
39:5;0 [M-H]~ 8

CAR 13:0;04 [M- | 0.1 420.2603 CyH3sNOg™ | PI 40:2/PI O- | 1.4 917.613 | CasoHgO3P

H] 40:3;0 [M-H] 7
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CerP(21:0)/LPC O- | -0.1 436.2833 CHiNOg | PI 40:3/P1 O- | 0.3 915.597 | CyoHszO3P"
13:1/LPE  O-16:1 P 40:4;0 [M-H] 1
[M-H]
Cholesterol  Sulfate | -0.5 4653042 | CyHysO4S” | PI 40:4/P1 O- | 0.5 913.581 | CyoHgsO13P"
[M-H] 40:5;0 [M-H] 6
CL(78:9) [M-2H]* -1.4 764.5169 | Cg7His0017 | PI 40:5/P1 O- | 0.7 911.566 | CaoHgsO 3P
P; 40:6;0 [M-H] 1
CPA(16:0)/ LPA O- | 0.5 391.2257 CioH3606P~ | PI  40:6/P1 O- | 0.1 909.549 | CioHs,013P"
16:2 [M-H]" 40:7;0 [M-H]" 9
CPA(18:0)/LPA O- | 0.5 419.2570 CyHsoO6P™ | PI 40:7/PI O- | 0.5 907.534 | CioHgoO3P"
18:2 [M-H]" 40:8;0 [M-H]" 7
CPA(18:1)/LPA O- | 0.5 417.2414 CyHas06P~ | PI(P-36:0)/PI O- | 0.9 849.587 | CusHssO12P"
18:3 [M-H]" 36:1/TG 49:9;03 0
[M-H]"
FA(14:0) [M-H] 04 2272019 | CHyO; | PI(P-36:3)PI O- | 2.3 843.541 | CysHggOpP"
36:4/TG 3
49:12;03 [M-H]"
FA(15:0) [M-H] 1.0 241.2175 Ci5H200, POV-PG/BMP 0.4 581.309 | Cy7Hs00,,P"
21:1;0/LPI  O- 9
18:2/PG 21:1;0
[M-HJ"
FA(160) [M-H]’ 09 255.2332 C]6H3102- CerP 0.1 760.513 C40H75NO|0P
40:3;06/LPS 5
34:2;0/PS
34:1/PS O-
34:2;0 [M-H]
FA(16:1) [M-H] 0.8 253.2175 Ci6H290," CerP 41:3;06/PS | -1.3 774.528 | C4H77NOyP

35:1/PS O-
35:2;0 [M-H]~

1
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FA(17:0) [M-H] 0.9 269.2488 | C7H330, CerP 42:3;06/PS | 0 788.544 | CyH7oNO, P
36:1/PS O- 7
36:2;0 [M-H]
FA(17:1) [M-H] 0.8 267.2332 | C7H3,0y CerP 42:4;06/PS | 0.9 786.529 | C4H7NO, P
36:2/PS O- 7
36:3;0 [M-H]
FA(18:0) [M-H] 0.6 283.2642 | CsH350, PS(39:3) [M-H] 53 826.564 | C4sHgNO;oP
7
FA(18:1) [M-H] 0.5 281.2486 | CisH3Oy CerP 42:3;05/PC | -1.1 772.548 | CsH7oNOoP
34:2;0/PE 9
37:2;0/PS O-
36:2/PS(P-36:1)
[M-H]”
FA(18:2) [M-H]~ 04 279.2331 CisH3,05 CerP 44:5;05/PC | 0.1 796.549 | CyyH7oNOoP-
36:4;0/PE 9
39:4;0/PS O-
38:4/ PS(P-38:3)
[M-H]
FA(20:0) [M-H]~ 0.9 311.2957 | CyHsOy PE-Cer 0.4 687.544 | C;33H76N,O6P
36:1;02/SM 9
33:1;02 [M-HJ-
FA(20:1) [M-H] 0.3 309.2800 | CyHj,0, Dopamine [M- | 0 152.071 | CgH;(NO,
HI 7
FA(20:2) [M-H] 0.3 307.2643 | CyHj50,° GABA [M-H] 0 102.056 | C4HgNOy
3
FA 20:3/ST 20:0;02 | 0.3 305.2487 | CyH30,° Serotonin [M-H]~ | 0.1 175.087 | CioH;N,O
[M-HJ 7
FA 20:4/ST 20:1;02 | 0.3 303.2330 | CyH;3 0y Acetylphosphate | 0 138.980 | C,H,OsP-
[M-H] [M-H] 2
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FA 20:5/ST 20:2;02 | 0.0 301.2173 CyoH290, L-Histidinol [M- | 0 140.082 | C¢H;oN;O
[M-H] H] 9
FA(22:0) [M-H] -0.8 339.3266 CpH430,0 Phenylpyruvic -0.1 163.040 | CoH,O5
acid [M-H]~ 1
FA(22:1) [M-H] 0.0 337.3112 CpH4 0y Adenosine  [M- | 1.7 266.089 | CioH2NsO4
H] 4
FA(222) [M-HT 0.0 335.2956 szH;gOz_ Guanosine [M- 0.7 282.084 C10H12N505_
H] 6
FA 22:3/ST 22:0;02 | 0.0 333.2799 CypH;,05 ADP [M-H]~ 0.8 426.022 | CjoH14N504
[M-H] 5 Py
FA 22:4/ST 22:1;,02 | 04 331.2644 CH;50,° AMP [M-H]~ 0.3 346.055 | CyH3N50,P
[M-H] 9
FA 22:5/ST 22:2;02 | 0.2 329.2487 CypH330, cAMP [M-H]" 0.7 328.046 | CjoH;NsO¢P
[M-H] 0
FA 22:6/ST 22:3;02 | 0.0 327.2329 CypH;0y GMP Guanosine | 0.7 362.051 | CjoH;3NsOgP
[M-H] monophosphate 0
[M-H]"
FA(24:0) [M-H] -0.6 367.3579 CH4705 Adenine [M-H]~ 0.2 134.047 | CsH4Ns
2
FA(24:1) [M-H] -0.3 365.3424 Cy4Hys04° Guanine [M-H]~ -0.2 150.042 | CsH4NsO"
1
PA head group [M- | 0.0 152.9958 C3HqOsP Hypoxanthine 0.2 135.031 CsH3;N,O
H] [M-H] 3
Hex2Cer30:1;04 0.1 836.5378 C4H7sNO;s | Purine [M-H]" 0 119.036 | CsH3Ny
[M-H] 3
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Hex2Cer32:1;04 0.1 864.5691 C44Hg,NO;s | Xanthine [M-H] -0.1 151.026 | CsH3N4Oy
[M-HJ 1
Hex2Cer32:2;04 0.1 862.5534 | CyuHsoNOys | 6- 0.2 135.056 | C;H;N,O
[M-H] Methylnicotinam 4

ide [M-H]
Hex2Cer34:4;04 0.0 886.5534 C4HgoNO;s | Pyridoxine [M- | -0.1 168.066 | CsH;oNO;5
[M-H] H] 6
HexCer32:1;04 [M- | 04 702.5165 | CssH7NO,o | Pyridoxal [M-H] | 0 166.051 | CsHsNOsy
H] 0
LdMePE(16:0)/LPC | 0.2 480.3097 | Cy3H47O,N | Nicotinamide 0.1 121.040 | CeHsN,O
15:0/LPC O- P [M-H] 7
15:1;0/LPE
18:0/LPE 0O-18:1;0
[M-H]"
LPA(16:0) /LPA O- | 0.3 409.2362 | CyoH3s07P" | Cytidine [M-H]~ 1.7 242.078 | CoH;2N;O5
16:1;0 [M-H]~ 7
LPA(18:0) /LPA O- | 0.1 437.2674 Cy1HyxO7P" Uridine [M-H]~ 1.4 243.062 | CoHy;N,Og
18:1;0 [M-H]~ 6
LPE(P-18:0)/LPC 0.0 4643147 | C;3H4O¢N | Cytidine 0.1 322.044 | CoH;3N;0sP"
O-15:1/LPE O-18:1 P monophosphate 6
[M-H] [M-H]~
LPI(16:0/LPI  O- | 0.5 571.2891 CysHss01,P” | dCMP [M-H]™ 0.6 306.049 | CoH;3N;0,P
16:1;0 [M-H] 8
LPI(18:0/LPI  O- | 0.6 599.3205 | CyHs02P | dUMP [M-H]~ 1.5 307.034 | CoH;aN,OgP
18:1;0 [M-H] 1
Oleamide/SPB 0.5 280.2646 | Ci;sHuNO™ | UDP-N- 0.2 606.074 | Ci7HxN3047
18:2;0 [M-H]" acetylglucosamin 8 Py

¢ [M-HJ"
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LPA 32:2;0/LPG O- | 0.0 645.4500 C;5HgOsP™ | Uridine 5-10.1 323.028 | CoHoN,OgP
29:3/PA 32:1/PA O- monophosphate 6
32:2:0 [M-H] [M-H]
LPA 342,0/LPG O- 0.4 673.4816 C37H700gP" Cytosine [M-H]7 0.4 110.036 C4HN;O
31:3/PA 34:1/PA O- 0
34:2;0 [M-H]"
LPA 34:3;0/LPG O- | 1.3 671.4666 C37HesOsP™ | Methylcytosine -0.2 124.051 | CsHeN;O"
31:4/PA 34:2/PA O- [M-H] 6
34:3;0/DG
41:11/TG  0-41:11
[M-H]"
LPG 0-33:3/PA | 0.6 701.5131 C39H740sP" | Thymine [M-H]" | -0.1 125.035 | CsHsN,Oy
36:1/PA 0-36:2;0 6
[M-H]"
Uracil [M-H] 0.5 111.020 | C;HyN,O5
3

Table 4. 2. The classification of annotated metabolites detected from ApoE4 KI and

wild-type H4 cells by OrbiSIMS.

Classification of metabolites

Number of metabolites (192)

Lipids 115 (86 ions have multiple assignment)
Amino acids and derivatives 27
Carbohydrates and carbohydrate conjugates 6
Carboxylic/Dicarboxylic acids and derivatives 5
Purines nucleotides and purine derivatives 11
Pyridines and derivatives 4
Pyrimidines and pyrimidine derivatives 11
Neurotransmitters 3
Other organic compounds 10
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Due to the presence of isomeric ions in the OrbiSIMS spectrum, some ions were
assigned to multiple lipid species that share the same chemical composition but have
distinct arrangements of atoms in space (stereochemistry). For example, the ion at m/z
766.5409 was assigned the chemical formula C43H77NOgP~ with a mass deviation of
less than 2 ppm by simsMFP. This ion matched with five possible lipids in the
LipidMaps database (CerP 43:5;04, PC 35:4, PC 0-35:5;0, PE 38:4, PE 0-38:5;0).
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Figure 4. 2. Example ions spectrum assignment of H4 cells. OrbiSIMS spectra for

the control H4 cell sample with putative assignments for (4) lipids (only one
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assignment labelled for each lipid ion in this figure), (B) amino acids and amino acid
derivatives, (C) neurotransmitters and nucleic acids and (D) carbohydrates,
carboxylic acids and other organic acids. Full assignment for Figure 1b: PE
38:4(CerP 43:5;04/PC 35:4/PC O-35:5;0/ PE O-38:5;0),; PS 36:1(CerP 42:3;06/
PS 0-36:2;0); PE 42:9(PC 39:9/PC 0-39:10;0/ PE 0-42:10,0), PI 34:1(LPI
34:2;0/ Pl O-34:2;0),; PI 36:2(PI 0-36:3,0), PI 38:4(PI O-38:5,;0); PI 38:2(PI O-
38:3;0); PI40:5(PI O-40:6,0).

Figure 4.2 A shows the assignment of a targeted series of lipid ions that were detected
from H4 control and ApoE4-KI groups, including putatively annotated lipids such as
C43H77NOgP~ (CerP 43:5;04/PC 35:4/PC O-35:5;0/PE 38:4/PE 0O-38:5;0, m/z
766.5409), C42H79NO10P™ (CerP 42:3;06/PS 36:1/PS 0-36:2;0, m/z 788.5451),
C45Hg2O13P (PI1 36:2/P1 0O-36:3;0 , m/z 861.5502). Overall, 115 lipids (86 ions have
multiple assignment) have been annotated from H4 wild-type and ApoE4-KI cells,
including the main eleven classes (FA, PA, PE, PS, PG, PI, SM, CL, CPA, CerP,
HexCer) which also were mainly detected from a recent study of single-cell

macrophage metabolomics using OrbiSIMS [160].

In the OrbiSIMS analysis of H4 control and ApoE4 knock-in (KI) cells, various
amino acids and their derivatives were detected, including asparagine, glutamine,
and taurine (Figure 4.2B). Neurotransmitters such as GABA and dopamine, along
with pyrimidines and their derivatives (cytosine, thymine, uracil) and purines and
their derivatives (guanine, adenine, hypoxanthine), were also identified in this study
(Figure 4.2C). These findings align with previous work by Passarelli ef al. [158,
160]. However, purine and xanthine, which were undetected in earlier studies, were
successfully identified here. Additionally, Figﬁre 4.2D highlights ions assigned to
carbohydrates (glyceraldehyde 3-phosphate), carboxylic acids (fumarate), and other
organic acids (lactate), which were also not detected in prior research. These findings

demonstrate the extended molecular coverage achieved in this study.

The freeze-dried OrbiSIMS method for H4 cells successfully detects a wide range of
metabolites, including polar metabolites such as amino acids and nucleic acids, as well
as lipids. This highlights the potential and effectiveness of OrbiSIMS as a powerful

metabolomics screening tool, capable of providing detailed molecular insights with
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minimal sample preparation and without the need for extensive chemical modification.

The ability to detect both polar and non-polar compounds further strengthens its

application in metabolic profiling and biomarker discovery. Additionally, the depth

profiles of selected secondary ions are depicted in Figure 4.3, which offers insights

into the distinct localisation or enrichment patterns of molecules within the cells.

Notably, the lipid ions shown in Figure 4.3 A exhibit a higher concentration on the cell

surface, with intensity gradually decreasing as analysis depth increases. This pattern

aligns well with the high lipid content at the cell membrane. Similarly, amino acids

exhibit the same trend as lipids, suggesting an enrichment of membrane-bound

proteins. In contrast, ions related to nucleic acids display varying depth profiling

trends.
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B. Example profiles for nucleic acid metabolites
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Figure 4.3. The example profiles of metabolites assigned from H4 neuroglioma cells

by using OrbiSIMS. It shows the unique depth profile of each compound class, such

as lipids, the major components of membrane, which are highly enriched in the

surface of cells.
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Surface mass spectrometry techniques such as MALDI (Matrix-Assisted Laser
Desorption/Ionisation) are widely used for biological sample analysis, but require
optimisation of sample preparation, including matrix application. LAESI (Laser
Ablation Electrospray lonisation) relies on water-rich samples, while DESI
(Desorption Electrospray lonisation) and LESA (Liquid Extraction Surface Analysis)
are less commonly applied to cells and tissues due to their relatively low spatial
resolution. In contrast, OrbiSIMS offers label-free analysis without the need for matrix
or solvent-based preparation, enabling the detection of small sample amounts without
interference from buffers or matrices. Beyond label-free metabolite detection and
depth profiling, OrbiSIMS also allows for high-resolution metabolite imaging in
cellular studies. Using OrbiSIMS imaging techniques, Linke et al. identified a novel
metabolite biomarker (fumarate) associated with an aggressive medulloblastoma
subgroup intermediate and also observed both intra- and inter-nodular heterogeneity
[150]. These capabilities make OrbiSIMS particularly powerful for studying brain
diseases at the cellular level, offering significant advantages over other surface mass
spectrometry techniques in mainly three aspects including label-free, only minimal

sample preparation and spatial resolution.

MALDI enables high spatial resolution imaging and is widely used for large
biomolecules, but it requires matrix application, which can lead to background noise
and complicate small molecule analysis. DESI operates under ambient conditions and
allows direct analysis of tissue surfaces, but it typically suffers from low spatial
resolution (around 50-200 pum) and solvent spreading, which can affect spatial
accuracy. LESA enables targeted extraction of analytes from specific surface regions,
making it useful for selective analysis, but it lacks spatial resolution (typically > 500

um) and requires relatively large sampling areas.

In contrast, OrbiSIMS combines the high mass accuracy and resolving power of an
Orbitrap mass analyser with secondary ion mass spectrometry. It offers label-free
imaging with a spatial resolution as fine as 2 um, enabling detailed molecular mapping
at subcellular levels. Although OrbiSIMS imaging was not applied in this study, its
high spatial resolution and depth profiling capabilities make it an excellent tool for

investigating complex brain cell environments. Future research on the ApoE4 risk
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gene and its molecular consequences in neurodegenerative disease could greatly

benefit from the application of this technique.

Overall, metabolic screening of H4 cells using OrbiSIMS allows us to obtain a wide
range of chemical classes in situ, covering polar metabolites and low polar lipids. The
advantages of OrbiSIMS as a screening tool include the need for only a small amount
of sample to collect enough signal, quick analysis time, and minimal sample

preparation.

4.3.2 Multivariate analysis distinguishes control H4 cells and ApoE4 KI
cells based on OrbiSIMS-annotated metabolites

Scores Plot

© ApoE4 Kl
© Control

0.4

PC 2 (6.4 %)
0.0
|

T T ! I T
-1.0 -0.5 0.0 05 1.0

PC 1 (88.4 %)

Figure 4.4. PCA score plot of H4 control samples and ApoE4 KI samples.
[PERMANOVA] F-value: 30.893, R-squared. 0.88536; p-value (based on 999

permutations): 0.1. PCA was performed on pareto scaled data.

To further evaluate the screening tool capability of OrbiSIMS, multivariate analysis

was performed to test whether OrbiSIMS data can distinguish the metabolic changes
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between control and ApoE4 KI cells. Principal component analysis (PCA) based on
192 annotated datasets was performed and is presented in Figure 4.4. The ApoE4 KI
samples are clearly separated from the control samples, with the main component PC1
explaining 88.4 % of the variance between control and ApoE4 KI cells. The R-squared
value of this PCA model is 0.88536, indicating that the PCA is a good fit for the actual
dataset. These PCA results provide evidence that the OrbiSIMS dataset can

differentiate control samples from ApoE4 KI samples.

To further explore the ApoE4-related metabolic profile, PLS-DA (Partial least squares
discriminant analysis) of all ions from ApoE4 KI was used for discriminative analysis
compared with Control cells. The scores plot in Figure 4.5A shows the divergence in
metabolic profiling between the control and ApoE4-expressing cells. The features with
VIP (variable importance for projection) > 1 plus FDR (false discovery rate) adjusted
p-value < 0.05 were considered statistically significant. From this analysis, we
obtained 35 metabolic signatures (Table 4.3.) for further pathway analysis and their
relative intensities are shown in Figures 4.5B and 4.5C. In which 26 out of 35 are
lipids and have statistically less abundance in the ApoE4-carried cells (Figure 3.3a).
Moreover, those lipids were mainly enriched in two classes of glycerophospholipids
(glycerophosphoethanolamines, — glycerolphosphoinositols) by metabolite set
enrichment analysis, indicating the disruption of the glycerophospholipid pathway by
ApoE4 (Figure 3.3b).

Table 4.3. The peak list of significant features in OrbiSIMS

Feature Accurate mass Formula FDR VIP
Alanine 90.05489 CsH/NO; 0.001168 | 1.0242
Succinate 117.0196 C4HeO4 0.001368 1.1278
Valine 118.0860 CsHuNO; 0.000765 | 1.0213
Taurine 124.0075 C2H7NO3S 0.00597 1.0231
Methylcytosine 124.0516 CsHsNsO 0.0008 1.0228
Aspartate 132.0304 C4H7NO4 0.005173 1.1645
Creatine 132.0765 C4HgN3O; 0.002327 1.1287
L-Histidinol 140.0829 CeH10N30O" 0.001411 1.1308
Glutamate 146.0460 CsHoNO4 0.002434 1.1162
LPA 32:2;0/LPG O-

29:3/PA 32:1/PA 0-32:2;0 645.4500 CasHgsOsP- 0.009797 139ty
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LPA 34:2;0/LPG O-
31:3/PA 34:1/PA 0-34:2;,0

673.4816

Ca7H7008P-

0.021659

1.0075

PE-Cer 36:1;02/SM
33:1,02

687.5449

CagH76N206P"

0.000994

1.2395

CerP 39:2;04/LPC
31:2;0/LPE 34:2;0/LPS O-
33:2/PC 31:1/PC O-
31:2;0/PE 34:1/PE O-
34:2;0

716.5239

C39H75NOgP-

0.006462

1.1123

BMP 34:1/LPG 34:2;0/PG
34:1/PG 0-34:2;0

747.5184

CaoH76010P"

0.006266

1.0287

CerP 43:6;03/PC 0-35:6/PE
0-38:6/ PE(P-38:5)

748.5303

Ca3H7sNO7P

0.029789

1.4563

CerP 43:3;03/PC 0-35:3/PE
0-38:3/ PE(P-38:2)

754.5770

Ca3HgiNO7P

0.002326

1.5094

CerP 42:3,04/LPC
34:3;0/PC 34:2/PC O-
34:3;0/PE 37:2/PE O-
37:3,0

756.5559

C42H7908N P

0.001956

1.6763

CerP 42:2;04/LPC
34:2;0/PC 34:1/PC O-
34:2;0/PE 37:1/PE O-
37:2,0

758.5690

C4oHg1OgNP-

0.009101

1.5345

CerP 40:3;06/LPS
34:2:0/PS 34:1/PS O-
34:2,0

760.5135

CaoH7s010NP-

0.006746

1.1989

CL(78:9) [M-2H]*

764.5169

Cg7H150017P2"

0.018211

2.1490

CerP 43:5;04/PC 35:4/PC
0-35:5;0/PE 38:4/PE O-
38:5;0

766.5409

Ca3H77NOsgP

0.004197

2.1336

PE(38:3)/HexCer 37:3;04

768.5649

C43H7908N P

0.003316

1.5664

CerP 42:3;05/PC 34:2;0/PE
37:2;0/PS 0-36:2/PS(P-
36:1)

772.5489

CaoH7909NP-

0.003612

1.7160

CerP 41:3;06/PS 35:1/PS O-
35:2,0

774.5281

Ca1H77010NP-

0.011201

1.7778

PE(P-40:6)/HexCer 39:6;03

774.5515

C4sH7707NP-

0.001559

1.4745
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DG 46:10;02/TG

46:9;0/TG 0-46:10;02/PG 0.049386 1.2227
36:1/PG 0-36:2;0 775.5507 C42Hg0010P"
CerP 42:4;,06/PS 36:2/PS O-

0.008293 1.2742
36:3;0 786.5297 Ca2H77NO10P"
PC 37:7/PC O-37:8;0/PE

0.005007 1.6742
40:7/PE 0-40:8;0 788.5231 CasH7s08NP-
PC 39:9/PC 0-39:10;0/PE

0.010054 1.7771
42:9/PE 0-42:10;0 812.5231 C47H7sNOgP
PI 36:3/PI 0O-36:4;0 859.5349 C45HgoO13P 0.022609 1.0812
PI 37:3/P1 O-37:4,0 873.5492 Ci6Hg2013P 0.006905 1.2638
PI 38:3/PI 0O-38:4;0 887.5659 C47Hg4O13P 0.005864 1.0319
PI 38:2/P1 0O-38:3;0 889.5813 C47HgsO13P 0.039471 1.1953
PI 39:4/PI 0O-39:5;0 899.5658 Ci8Hg4O13P 0.00597 1.0172
PI 39:3/PI 0-39:4;0 901.5813 Cs8HgsO13P 0.03287 1.0457
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Figure 4.5. Metabolomics analysis of OrbiSIMS. (A) Score plot of PLS-DA of
OrbiSIMS data, following the lipid classification and pathway analysis for 35
significant metabolites. (B) Heatmap of 26 lipid signatures between Control and
ApoE4 KI group. (C) Heatmap of 9 signatures between Control and ApoE4 KI group.
(e) The pathway analysis of 9 out of 35 signatures except for 26 lipids.
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In addition, the rest of the 9 features vary differently between control and ApoE4 KI
cells, and are mostly enriched in alanine, aspartate, and glutamate metabolism (Figure
4.6), suggesting the metabolic disorders of these three amino acids. Besides,
aminoacyl-tRNA biosynthesis, glutamine metabolism and taurine and hypotaurine
metabolism also have been affected by ApoE4. Levels of alanine, aspartate, and
glutamate all increase in the ApoE4 KI group, which partially contrasts with other

metabolomics studies showing their low concentrations in AD patients [178].

Glutamate is one of the excitatory neurotransmitters in the human brain and plays a
crucial role in multiple cerebral functions such as memory, cognition, and motor
behaviour [179]. A low level of glutamate has been detected in the aged human brain
and AD patients, indicating the vital role of glutamate as a biomarker of brain functions.
Moreover, the disruption of glutamate metabolism is associated with neuronal loss and
synaptic damage. Aside from glutamate, the level of aspartate in AD patients’ brains

was decreased compared with the normal brain in previous studies [180].

Alanine, aspartate and
glutamate metabolism

- @
Aminoacyl-tRNA
biosynthesis

g . )
o
~ D-glutamine and D-glutamate
@ metabolism
: o ©
-2 0 Taurine and hypotaurine
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Figure 4.6. The pathway analysis of 9 out of 35 signatures except for 26 lipids.
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Aspartate has many biochemical roles, donating amino groups to the urea cycle,
participating in gluconeogenesis, as well as stimulating NMDA (N-methyl-D-
aspartate) receptors which play a crucial role in synaptic modification [181]. Besides,
the level of alanine during the development of AD is controversial due to the different
functions of D and L-alanine. Higher D-alanine levels were associated with more
behavioural symptoms, and the content of D-alanine in white and grey matter tissues
of the Alzheimer’s brain is significantly higher than in normal brains [182, 183].
However, total alanine content in Alzheimer’s gray matter have shown a very
significant decrease compared with normal tissues [182]. In mammals, alanine is used
to make proteins, convert glucose into energy, and repair muscle tissue [184]. In terms
of depth profiling analysis of OrbiSIMS that was used in our study, D and L
enantiomers of alanine could not be differentiated therefore the alanine level is

supposed to be lower in ApoE4-carried H4 cells.

4.3.3 Lipid Reduction Induced by ApoE4 in H4 Cells Validated Using
LipidTOX Staining

To validate the alteration of lipids by ApoE4, cells were stained with LipidTOX neutral
lipid dye which significantly dropped lipid droplets in the ApoE4 KI group (Figure
4.7). The results are consistent with the low ability of ApoE4 in transporting lipids and
cholesterol, resulting in dysfunction of the intracellular lipid state which is associated

with increased amyloid plaques and tau phosphorylation of AD [185, 186].

Besides, ApoE presents as two statues in the cell, lipidated ApoE, and free ApoE. The
lipidation status of ApoE has shown its ability to lower AP production, while
unlipidated ApoE promotes the formation of amyloid plaques [187]. A recent AD
brain-based study found that the lower level of lipidated ApoE lipoprotein in the E4
carrier impacts AP binding to microglia and subsequently affects microglia clearance
in response to AP [117]. Our results further support the hypothesis that ApoE4 triggers
metabolic disorders of AD by affecting the abundance of glycerophospholipids.

Based on the results obtained from OrbiSIMS data and LipidTOX staining, the lipid
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content within the cells has been detected and validated. This reduction in lipid
levels might be attributed to three possible reasons: (1) lipid biosynthesis is affected
by ApoE4; (2) the transport and absorption of lipids from the culture medium are
inhibited by ApoE4, or ApoE4 is less efficient at lipid transport compared to ApoE3;

and (3) the clearance or elimination of lipids is accelerated by ApoE4.

B

Scale bar: 20pm Scale bar: 5um
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LipidTOX™ Green Neutral Lipid Stain

25— * % %k %

20
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Lipid droplets per cell

T
Control ApoE Kl

Figure 4.7. Validation of Lipid Changes by LipidTOX Neutral Lipid Staining. A) The
Sfluorescence image of LipidTOX Green Neutral Lipid Stain in control samples and
ApoE4 KI samples (n=3). The nuclei were stained by DAPI, shown as blue colour.

Scale bar: 20 um. B) The fluorescence images with a scale bar of 5 um. C) The
statistical analysis of lipid changes in the control group compared to the ApoE4 KI
group. The average number of lipid droplets per cell was calculated using ImageJ

software. Data are expressed as the mean £ SD (n=3). *** p < 0.001, ****p <
0.0001.
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4.4 Conclusion

The results presented in this chapter demonstrate that OrbiSIMS can effectively detect
a broad range of metabolites and lipids, offering a rapid and efficient approach for
screening metabolic profiles in the context of the ApoE4 risk gene. Multivariate
analysis revealed distinct metabolic differences between ApoE4 KI cells and control
cells, with pathway analysis highlighting significant alterations in metabolic pathways.
To validate the lipid changes observed in OrbiSIMS data, lipid fluorescent staining
confirmed a reduction in lipid droplets, aligning with the OrbiSIMS findings.

However, the observed alterations in amino acids (alanine, aspartate, and glutamate)
in ApoE4 cells did not fully match results from other studies, suggesting that further
experimental methods may be required to confirm these findings. Despite this,
OrbiSIMS presents notable advantages over conventional LC-MS/MS techniques, by
eliminating the need for time-consuming sample preparation; and enabling the
simultaneous analysis of both polar metabolites and lipids, without requiring specific
extraction or separation solvents. Whilst OrbiSIMS simplifies the analysis process, it
is important to account for the higher ionisation energy and fragmentation patterns
inherent to this technique when interpreting data, particularly as they can affect the

accuracy of metabolite identification.
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Chapter 5: Polar metabolomics analysis using
LC-MS/MS and comparative analysis with
OrbiSIMS data.

5.1 Chapter aims

The results presented and explored in Chapter 4 elucidate the merits of OrbiSIMS as
an effective multi-omics screening tool (polar metabolomics and lipidomics).
OrbiSIMS can detect a wide range of metabolites and lipids, including both polar and
non-polar compounds. Key advantages of using OrbiSIMS include minimal sample
preparation, in combination with the need for a smaller number of cells. For example,
only 400-500 cells were used in the OrbiSIMS analysis described in Chapter 4.
However, due to the ionisation mechanism of OrbiSIMS not being fully understood,
other validation approaches are needed to further confirm and evaluate OrbiSIMS
results. The lipid results were evaluated using a lipid staining method in Chapter 4,
which confirmed that the lipid detection from OrbiSIMS can reflect the actual changes
in lipids affected by ApoE4.

For the lower mass range of metabolites, such as amino acids carboxylic/ dicarboxylic
acids and carbohydrates, which might be fragments of other molecules, further
investigation is needed. To explore amino acid alterations caused by the ApoE4 knock-
in, standard polar metabolomics using the hydrophilic interaction chromatography
(HILIC) LC-MS/MS method will be applied and discussed in this chapter. For the first
time, the comparison of OrbiSIMS and LC-MS/MS results will be discussed in two
aspects: the commonly detected metabolites and the alteration changes of the

metabolites by both approaches.
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5.2 Methods
5.2.1 Cell sample preparation for LC-MS/MS

The control and ApoE4 KI H4 cells were separately seeded in 25 cm? flasks at a
concentration of 1x10° cells per flask and incubated for 24 hours. After incubation,
the media was removed, and the cells were briefly washed with PBS at 37 °C. 500 pL
cold methanol (- 40 °C) was added to simultaneously quench the metabolism and
extract the intracellular metabolites. Cells were scraped and vortexed vigorously for
1h on ice and centrifuged at 19,273 x g for 10 minutes at 4 °C. Supernatants were
transferred into new tubes and evaporated using the Jouan Centrifugal Evaporator. The
remaining residue was reconstituted in 70 pL of methanol (4 °C) and centrifuged at
19,273 x g for 10 min at 4 °C. 50-70 pL of the extract was transferred into an amber
HPLC vial with a glass insert, labelled, and used for LC-MS/MS analysis. 10 pL of
each sample was collected and mixed as a pooled QC for untargeted analysis and

MS/MS analysis to check the performance of the analytical system.

Drift in measured response, retention time, and mass calibration is a common issue in
LC-MS instruments due to sample contact with multiple platform components and
fluctuations in temperature, pressure, or instrument performance. Implementing a QC
strategy is essential in LC-MS metabolomics to ensure reliable, reproducible, and
high-quality data [188, 189]. QC serves several critical purposes: 1. Equilibrating the
Analytical Platform: Ensures the system is stable and provides consistent data output.
2. Assessing Technical Precision: Evaluates the reproducibility of each analytical test.
3. Facilitating Signal Correction: Provides data for correcting signal drift within and

across analytical tests.
5.2.2 LC-MS/MS analysis

LC-MS/MS analysis was performed using Q-Exactive Plus mass spectrometer
equipped with a Dionex U3000 UHPLC system. Samples for metabolomics (10 pL,
4 °C) were separated and eluted through a ZIC-pHILIC column (4.6 x 150 mm, 5 um
particle size, Merck SeQuant, Darmstadt, Germany) at an HPLC flow rate of 300 pL
min"' and a temperature of 45 °C. The gradients started with 20 % A (20 mM
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ammonium carbonate in water) and 80 % of B (acetonitrile) and increased to 95 % A
over 15 min, then the composition was returned to its initial conditions in 2 min, and
the column was re-equilibrated for 7 min. The MS instrumentation was set as EST" and
ESI switching acquisition modes for profiling samples and in data-dependent MS/MS
for identification of QC samples. Details of MS parameters were shown as follows:
spray voltage at 4.5 kV (ESI") and -3.5 (ESI"), the capillary voltage at 20 V (ESI") and
—15 V (ESI"). The sheath, auxiliary, and sweep gas flow rates were 40, 5, and 1
(arbitrary unit), respectively, for both modes. Capillary and heater temperatures were
maintained at 275 °C and 150 °C, respectively. Data were acquired for LC-MS
profiling with a resolution of 70,000 from m/z 70-1050. Top 5 dd MS/MS was
performed on the QC sample (n = 3) at a resolution of 17,500 and stepped normalised
collision energy (NEC) of 20, 30, and 40.

The cellular samples of the control group and ApoE4 KI group were randomized and
analysed in a single LC-MS analytical run with the mixtures of authentic standards
and reagent blanks. Pooled QC (n = 4) was injected at the beginning of the analysis to
condition the column and after every 3-5 samples (n = 6) to check the stability,

robustness, repeatability, and performance of the analytical system.
5.2.3 Data analysis and identification and annotation of metabolites

The LC-MS/MS data were pre-processed for untargeted metabolomics, univariate
analysis, and metabolite identification using Compound Discoverer 3.3. Subsequently,
principal component analysis (PCA) and partial least squares-discriminant analysis
(PLS-DA) are processed using SIMCA P. Metabolite identification is performed using
Compound Discoverer 3.3 software by matching retention time of detected peaks with
the authentic standards, MS/MS fragmentation with mzCloud database and accurate
masses with human metabolites in BioCyc database

(https://biocyc.org/?sid=biocyc14-3922769627). Retention time ranges from 0.5 min

to 15 min (RT tolerance at 0.5 min), the mass range is 70-1050 m/z, and mass tolerance
< 5 ppm is used for peak picking and identification. The confidence of identified
metabolites is classified into four levels according to the classification rules of the
metabolomics standard initiative [190]. Level 1 confidence in metabolite identification

requires two or more properties of an authentic chemical standard (e.g., accurate mass,

114


https://biocyc.org/?sid=biocyc14-3922769627

retention time, and MS/MS spectra) to be compared with analyte data acquired under
the same conditions (laboratory and analytical methods). Matching with standards is
not required for Level 2 and Level 3 identifications. Level 2 confidence is based on
matching accurate mass, retention time, and MS/MS data with an online spectral
database or external laboratory database. Level 3 refers to putatively characterised

compound class, while all unknown compounds are classified as Level 4.

Data were analysed using GraphPad Prism and expressed as the mean + standard
deviation (SD). The statistically significant difference of the metabolites between
control and ApoE4 KI group was evaluated using Student’s t-test and PLS-DA analysis.
FDR-adjusted p-value < 0.05 combined with VIP > 1 was considered as statistical

significance.

5.3 Results and Discussion
5.3.1 LC-MS/MS polar metabolomics analysis

HILIC is preferred in metabolomics for its superior retention of polar metabolites
compared to reversed-phase liquid chromatography. The HILIC LC-MS/MS
methodology includes extracting intracellular metabolic pools using methanol and
separating molecules using the HILIC LC condition (Figure 5.1.). ESI ionisation was
used in LC-MS/MS analysis, the soft ionization of ESI makes little fragmentation of

analyte molecules.

Had
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— = =
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s

Extrction Evaporation Resuspension Transfer

LC separation MS detection

Figure 5.1. The workflow for LC-MS/MS polar metabolomics analysis includes the
extraction of polar metabolites using cold methanol, evaporation, and resuspension
to concentrate the metabolites. This is followed by LC separation and mass

spectrometry analysis.
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Two groups of H4 cells were used in this chapter — control and ApoE4 knock-in —
paralleling our OrbiSIMS studies. The cells, plated at a concentration of 1x10° in a 25
cm? flask, were cultured for 24 hours, then extracted using cold methanol, followed
by HILIC separation and mass spectrometry detection. In total, 1095 features were
commonly detected from both groups and used for identification. The ions were
identified based on our lab-based standards database through accurate mass matching
and MS/MS data, allowing us to detect numerous polar metabolites, including many

amino acids.

The identification process adhered to the confidence levels suggested by the
Metabolomics Standards Initiative [190]. It suggests four confidence levels based on

accurate mass, retention time, and MS/MS information:

o Level 1: Identified compounds. A metabolite is considered identified when
two or more orthogonal properties of the analyte — such as retention time,
accurate mass, and MS/MS fragmentation patters — match those of authentic
standards samples. These standards must be analysed under identical

laboratory conditions using the same analytical methods.

e Level 2: Putatively annotated compounds. A metabolite is considered
putatively annotated when its identification is based on matching spectral
data—such as accurate mass, retention time, and MS/MS value - with entries

in online spectral databases or external laboratory data.

o Level 3: Putatively characterised compound classes. The chemical class of
an analyte or metabolite is identified based on spectral similarity to known
compound of a chemical class. For example, when only the accurate mass
matches with an online mass database or external laboratory data, the

compound is classified as Level 3.

Level 4: Unknown compounds. After applying confidence criteria, 121 metabolites
were identified with high confidence (Levels 1 and 2) based on MSI levels of
identification (Table 5.1.). These include amino acids and derivatives, lipids,
carboxylic/dicarboxylic acids, carbohydrates, purines, pyridines, pyrimidines, and

other organic acids (Table 5.2).
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Table 5. 1. The classification of annotated metabolites detected from H4 cells by LC-

MS.
Classification of metabolites Number of metabolites (121)

Lipids 22
Amino acids and AA derivatives 25
Carbohydrates and carbohydrate conjugates 10
Carboxylic/Dicarboxylic acids and derivatives 20
Purines nucleotides and purine derivatives 6
Pyridines and derivatives 4

Pyrimidines and pyrimidine derivatives
Nucleosides, nucleotides, and analogues 4
Neurotransmitters 1
Other organic compounds 24

Table 5.2. The peak list of identified metabolites (Level 1, 2) in LC-MS analysis.

Metabolites Classification Accurate mass | Formula
myo-Inositol Alcohols and polyols | 179.0563 CsH1206
Lactate Alpha hydroxy acids | 89.0246 C3HgO3
and derivatives
1-Aminocyclopropane-1- Amino acids 84.0443 C4H7NO,
carboxylate
Alanine Amino acids 90.0549 C3H7NO,
Asparagine Amino acids 131.0465 C4HsN2O3
Aspartate Amino acids 132.0305 C4H7NO4
Glutamate Amino acids 146.0461 CsHoNOg4
Glutamine Amino acids 145.0620 CsHoN2O3
Histidine Amino acids 156.0767 CcHoN3O3
Lysine Amino acids 147.1127 CsH14N20;
Proline Amino acids 116.0704 CsH9NO;
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Taurine Amino acids 124.0076 C,H7NOs3S

Tryptophan Amino acids 203.0828 CnHiN2O,

Tyrosine Amino acids 180.0668 CoH1iNO;

Valine Amino acids 118.0861 CsHi1INO,

Arginine Amino acids 175.1188 CsH14N4O,

Glycine Amino acids 76.0393 C,Hs5NO,

Leucine Amino acids 132.1017 C¢Hi13NO;

Serine Amino acids 106.0498 C3H/NO;3

Threonine Amino acids 120.0654 C4HoNOs3

1-Methyl-histidine Amino acids | 170.0922 C7H11N30,
derivatives

Cysteate Amino acids | 167.9974 C3H/NOsS
derivatives

Glutathione Amino acids | 306.0766 Ci1oH17N306S
derivatives

Kynurenine Amino acids | 207.0776 CioH12N>03
derivatives

N-Acetylaspartate Amino acids | 174.0409 CsHoNOs
derivatives

Phenylalanine Amino acids | 164.0719 CoH1i1NO>
derivatives

Pyroglutamic acid Amino acids | 128.0356 CsH7NO;
derivatives

4-Aminobenzoate Benzenoids 138.0548 C7H/NO;

Benzoate Benzenoids 123.0439 C7H6O3

Hippurate Benzenoids 178.0512 CoHoNO;

2-Ethylhexyl phthalate Benzenoids 279.1587 Ci16H2204

homovanillate Benzenoids 181.0508 CoH 1004

N-(2- Benzenoids 152.0705 CsHoNO,

hydroxyphenyl)acetamide
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Erythrose 4-phosphate

Carbohydrates
carbohydrate

conjugates

and

199.0015

C4HoO7P

Fructose 6-phosphate

Carbohydrates
carbohydrate

conjugates

and

259.0224

CgH1309P

Gluconic acid

Carbohydrates
carbohydrate

conjugates

and

195.0511

CeH 1207

Glucono 1,4-lactone

Carbohydrates
carbohydrate

conjugates

and

214.1797

Ci2H200:

Glycerate

Carbohydrates
carbohydrate

conjugates

and

105.0196

C3HeOq4

L-Threonic acid

Carbohydrates
carbohydrate

conjugates

and

135.0302

C4H;z0s

Mannitol

Carbohydrates
carbohydrate

conjugates

and

181.0716

CsH 1406

N-Acetyl-D-glucosamine

Carbohydrates
carbohydrate

conjugates

and

222.0969

CsH15sNOg

N-Acetylneuraminate

Carbohydrates
carbohydrate

conjugates

and

308.0988

C11H19NOy

Sucrose

Carbohydrates
carbohydrate

conjugates

and

360.1493

Ci2H201

5-Aminolevulinate

Carboxylic acids

derivatives

and

130.0512

CsHoNOs3

Creatine

Carboxylic acids

derivatives

and

132.0766

C4sHyN30;

Creatinine

Carboxylic acids

derivatives

and

114.0661

C4H7N30

2-Aminoadipate

Carboxylic acids

derivatives

and

162.0758

CsH11NO4
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Acetylcysteine Carboxylic acids and | 162.0233 CsHoNOsS
derivatives

Capryloylglycine Carboxylic acids and | 202.1434 CioH1oNO;
derivatives

Citrate Carboxylic acids and | 191.0199 CsHzO7
derivatives

Cystathionine Carboxylic acids and | 223.0744 C7H14N204S
derivatives

Glutarate Carboxylic acids and | 131.0352 CsHgOq4
derivatives

Glutathione disulfide Carboxylic acids and | 613.1582 C20H32N6012S;
derivatives

Guanidinoacetate Carboxylic acids and | 118.0610 CsH7N30,
derivatives

Methionine Carboxylic acids and | 148.0440 CsHiiINO,S
derivatives

N-Acetylglutamine Carboxylic acids and | 189.0867 C7H12N2O4
derivatives

N-Acetyl-L-glutamate Carboxylic acids and | 190.0708 C;Hii NOs
derivatives

N-Acetyl-L-methionine Carboxylic acids and | 190.0545 C7Hi3NOsS
derivatives

N-Acetylornithine Carboxylic acids and | 175.1075 C7H14N,03
derivatives

N-Methyl-lysine Carboxylic acids and | 161.1284 C7H16N20;
derivatives

Phenylacetylglycine Carboxylic acids and | 192.0668 Ci1oH1INO3
derivatives

Fumarate Dicarboxylic  acids | 115.0040 C4H4O4
and derivatives

Succinate Dicarboxylic  acids | 117.0196 C4HgO4
and derivatives

S-Adenosyl-L-homocysteine | Gamma 385.1280 Ci14H20N6O5S
butyrolactones

Malate Hydroxy acids and | 133.0145 C4HeOs
derivatives

4-Coumarate Hydroxycinnamic 182.0811 CoHgO3

acids and derivatives
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5-Hydroxyindoleacetate Indoles and | 209.0918 CioHoNO3
derivatives
2-Oxobutanoate Keto acids and | 101.0247 C4HeO3
derivatives
Glycerol 3-phosphate Lipids 171.0067 C3HoOgP
Oleamide Lipids 280.2646 Ci3H3sNO
(5Z)-3-aminonon-5-enoic Lipids 170.1189 CoH17NO>
acid
3-Hydroxy-3-methylglutaric | Lipids 161.0458 CsH100s5
acid
4- Lipids 146.1174 C7HisNO;
Trimethylammoniobutanoate
Caprylic acid Lipids 143.1079 CsHi602
Decanoic acid Lipids 171.1392 Ci0H200:
Ethyl myristate Lipids 255.2330 Ci6H3202
FA(14:0), Myristic acid Lipids 227.2019 C14H2302
FA(18:0), Octadecanoic acid | Lipids 283.2642 Ci1sH3602
FA(18:1), Oleic acid Lipids 281.2486 CisH3402
FA(20:0), Arachidic acid Lipids 311.2957 C20H4002
Glycero-3-Phosphocholine Lipids 258.1096 CsH20NOgP
Heptanoic acid Lipids 129.0924 C7H 1402
Hexadecanamide Lipids 256.2629 Ci6H33NO
Hexanoic acid Lipids 115.0767 CsH 1202
Hexanoylcarnitine Lipids 260.1850 Ci3H2sNO4
Leucinic acid Lipids 131.0716 CsH 1203
Nonanoic acid Lipids 157.1235 CoH15302
O-Acetylcarnitine Lipids 204.1228 CoH17NO4
O-Butanoylcarnitine Lipids 232.1539 C11H21NO4
Propionylcarnitine Lipids 218.1383 Ci1oH19NO4
GABA Neurotransmitters 102.0563 C4HoNO»
Inosine Nucleosides, 269.0874 C10H12N4O5
nucleotides, and
analogues
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Methylthioadenosine Nucleosides, 298.0961 C11Hi5N503S
nucleotides, and
analogues

NAD+ Nucleosides, 664.1151 Co1H27N7014P;
nucleotides, and
analogues

NADH Nucleosides, 666.1309 C,1H29N7014P>
nucleotides, and
analogues

2-Hydroxyglutarate Organic acids and | 147.0301 CsHsgOs
derivatives

2-Oxoglutarate Organic acids and | 145.0145 CsHeOs
derivatives

3-Methyl-2-oxobutanoic Organic acids and | 115.0403 CsHgO3

acid derivatives

Hypotaurine Organic acids and | 110.0269 C,H7NO,S
derivatives

Phenolsulfonphthalein Organic acids and | 355.0626 Ci9H1405S
derivatives

Carnitine Organic nitrogen | 162.1122 C7H1sNOs3
compounds

Choline Organic nitrogen | 104.1068 CsHi3NO
compounds

Choline phosphate Organic nitrogen | 184.0731 CsH1sNO4P
compounds

Acetoin Organic oxygen | 87.0453 C4H;z0;
compounds

Pantothenate Organic oxygen | 220.1175 CoH17NOs
compounds

methylglyoxal Organooxygen 71.0139 C3H40;
compounds

Adenosine Purine nucleosides 268.1033 Ci0H13N504

cAMP Purine nucleotides 328.0460 Ci0H12N506P

dGMP Purine nucleotides 346.0554 CioH14NsO7P

Adenine Purines and purine | 136.0616 CsHsNs
derivatives

Hypoxanthine Purines and purine | 137.0456 CsH4N4O

derivatives
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Xanthine Purines and purine | 151.0263 CsHaN4O»
derivatives

6-Methylnicotinamide Pyridines and | 137.0708 C7HsN>O

derivatives

Pyridoxal Pyridines and | 168.0653 CsHoNO;

derivatives

Pyridoxine Pyridines and | 170.0809 CsHiiNO;

derivatives

Nicotinamide Pyridines and | 123.0551 CsHgN>O

derivatives

UDP-N-acetylglucosamine Pyrimidine 606.0748 Ci17H27N3017P;

nucleotides

UDP-Glucose Pyrimidine 565.0482 C15H24N2017P2

nucleotides

Cytosine Pyrimidines and | 112.0504 C4HsN;0

pyrimidine
derivatives

Uracil Pyrimidines and | 111.0203 C4HsN,O,

pyrimidine
derivatives

Thiamine Pyrimidines and | 265.1113 Ci2H16N4OS

pyrimidine

derivatives

The PCA (Figure 5.2) based on 121 identified metabolites showed a clear separation
of ApoE4 KI cells from control samples, with an R-squared value of 0.76 for the PCA
model. PC1 explained 76.1% of the variance between control and ApoE4 KI samples,
suggesting that PCA can differentiate the metabolomics changes between these groups.
To determine which metabolites had significant changes affected by ApoE4, the VIP
value from PLS-DA and the p-value from the t-test were used to select the most
significant metabolites (VIP > 1 and FDR < 0.05). 34 metabolites were considered
statistically significant with the condition of VIP > 1 and FDR value < 0.05 (Table
5.3.).

Notably, the levels of alanine, aspartate, and glutamate decreased in the presence of
ApoE4, which aligns with observed clinical metabolomics alterations (Figure 5.3).

This finding contrasts with the changes observed for alanine, aspartate, and glutamate
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in the OrbiSIMS analysis presented in Chapter 4, where an increase in these three
metabolites was detected in ApoE4 KI cells compared to control cells. The discrepancy
between the LC-MS results and OrbiSIMS findings may stem from the fragmentation
issues associated with OrbiSIMS when applied to biological samples. Since OrbiSIMS
generates ion fragments with undefined and higher ionisation energy compared to LC-
MS, the fragmentations could potentially alter the metabolite profiles, leading to

differing results between the two techniques.
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Figure 5.2. PCA score plot of LC-MS/MS results from H4 control samples and
ApoE4 KI samples. [PERMANOVA] F-value: 25.816, R-squared: 0.76342; p-value
(based on 999 permutations): 0.006.
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Figure 5.3. The normalised intensity of alanine, aspartate, and glutamate detected in

LC-MS/MS.

The normalised intensity of the 34 signatures in the H4 control group was compared
to the ApoE4 KI group, as shown in Figure 5.4. Statistical analysis of the normalised
intensity revealed significant differences between the ApoE4 KI and control H4 cells.
This indicates that the signatures selected through PLS-DA and t-test analysis
effectively highlight the notable metabolic changes associated with ApoE4. These
results demonstrate the power of these statistical methods in identifying and

distinguishing key metabolites altered in response to ApoE4 expression.
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Figure 5.4. The statistical analysis of significant metabolites in ApoE4 KI compared
to control H4 cells. Data are expressed as the mean + SD (n=3). *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001.

Pathway analysis based on 34 features presented in Figure 5.5 indicates that the
metabolism of taurine and hypotaurine is the most affected pathway by LC-MS/MS.
Metabolites (cysteate, taurine, hypotaurine) involved in this pathway are down-
regulated in ApoE4-expressing cells. Taurine has a neuromodulator role in brain
development, and one of its intermediates is hypotaurine [191]. Moreover, cysteate is
an amino acid generated by the oxidation of cysteine, which is employed in regulating

major endogenous antioxidant molecules [192]. Overall, ApoE4 might impair
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neuronal function and trigger the production of oxidant molecules by interrupting

taurine and hypotaurine metabolism.

] O
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Figure 5. 5. The pathway analysis of LC-MS/MS 34 signatures. Homo sapiens
(KEGG) has been chosen as pathway library in pathway analysis. Scatter plot was
chosen as visualization of pathway analysis results. Enrichment method is

hypergeometric test, and relative-betweenness centrality as topology measure.

Table 5.3. The peak list of significant features in LC-MS/MS.

Accurate
Metabolites Formula p value g value
mass
Glycine 76.03928 C2HsNO2 0.000568 | 0.000064
Acetoin 87.04533 C4HsO2 0.000553 | 0.000064
Alanine 90.05489 C3H7/NO2 0.000187 | 0.000038
Hypotaurine 110.0269 C2H7NO2S 0.000188 | 0.000038
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Cytosine 112.0504 C4HsN30 0.000039 | 0.000038
Nicotinamide 123.0551 CeHsN20 0.263967 | 0.026661
Taurine 124.0076 C2H7NO3S 0.000168 | 0.000038
5-Aminolevulinate 130.0512 CsHoNO3 0.000180 | 0.000038
Glutarate 131.0352 CsHgO4 0.000387 | 0.000056
Leucinic acid 131.0716 CeH1203 0.000328 | 0.000055
Hypoxanthine 137.0456 CsHaN4O 0.000444 | 0.000272
4-Aminobenzoate 138.0548 C7H/NO2 0.008672 | 0.003285
4-

Trimethylammoniobutano | 146.1174 C7H1sNO2

ate 0.000191 | 0.000193
Xanthine 151.0263 CsHaN4O2 0.000011 | 0.000034
3-Hydroxy-3-

methylglutaric acid 1010458 | Coro0s 0.000449 | 0.000272
Cysteate 167.9974 C3H7NOsS 0.000177 | 0.000193
Pyridoxine 170.0809 CsH11NOs3 0.003202 | 0.001386
Glycerol 3-phosphate 171.0067 C3H9OsP 0.002903 | 0.001386
N-Acetylaspartate 174.0409 CeH9oNOs 0.000080 | 0.000041
N-Acetyl-L-methionine 190.0545 C7H13NOsS | 0.000175 | 0.000071
N-Acetyl-L-glutamate 190.0708 C7H11NOs 0.006800 | 0.001717
Erythrose 4-phosphate 199.0015 C4HoO7P 0.006800 | 0.001717
O-Acetylcarnitine 204.1228 CoH17NO4 0.000063 | 0.000041
Kynurenine 207.0776 C10H12N203 | 9 000004 | 0.000005
5-Hydroxyindoleacetate 209.0918 C10H9NO3 0.000005 | 0.000005
Propionylcarnitine 218.1383 C10H19NO4 0.003991 | 0.001344
O-Butanoylcarnitine 232.1539 C11H21NO4 0.000032 | 0.000041
Glycero-3-

Phosphocholine 258109 | CaF2oNOP 1 05038 | 0.002181
Hexanoylcarnitine 260.185 C13H2sNO4 0.002581 | 0.001304
Adenosine 268.1033 C10H13NsOs | 9 000029 | 0.000041
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FA (18:1), Oleic acid 281.2486 C18H3402 0.000405 | 0.000306
Glutathione 306.0766 C10H17N3068 0.037915 0.014360
C15H24N2017
UDP-Glucose 565.0482
P> 0.000040 | 0.000041
UDP-N- C17H27N3017
) 606.0748
acetylglucosamine P2 0.002182 | 0.001304

5.3.2 Comparative analysis of LC-MS/MS with OrbiSIMS

To evaluate the screening performance of OrbiSIMS in cellular metabolomics, we

compared OrbiSIMS data with LC-MS/MS data to exploit how many metabolites were

commonly detected in the two methods. The comparative analysis of OrbiSIMS and

LC-MS/MS was based on all annotated metabolites. Firstly, the Venn Diagram in

Figure 5.6 shows 50 metabolites commonly detected in both methods, mainly

including major amino acids and amino acid derivatives. Moreover, the relative

abundance of these molecules in LC-MS/MS and OrbiSIMS are presented in Figures

5.7a and b, respectively.
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Figure 5. 6. The overlap of metabolites detected from OrbiSIMS and LC-MS/MS.
The Venn diagram of identified metabolites in LC-MS compared with putatively

annotated metabolites in OrbiSIMS, in which fifty metabolites are commonly
detected from both LC-MS and OrbiSIMS.
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Almost all features show the same trend between the control and ApoE4 KI groups.
While there are six features that did not retain the same change between the two
methodologies, including four amino acids and AA derivatives (green circled, alanine,
glutamate, taurine, and aspartate), one lipid (glycerol 3-phosphate) and one
carboxylic/dicarboxylic acid (fumarate). These six features (m/z < 150) not only play
a role in energy metabolism and signal transduction, but also as metabolic
intermediates. Therefore, they share a similar structure with other higher molecular
weight analytes, resulting in annotated peaks that might contain the area of free

analytes and fragments that are produced from other metabolites.
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Figure 5. 7. The relative abundance of common metabolites. (a) The bar chart shows

the relative intensity of 50 metabolites commonly detected in the LC-MS/MS method

between control group and ApoE4 KI group. (b) The bar chart shows the relative

intensity of 50 metabolites commonly detected in the OrbiSIMS method between
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control group and ApoE4 KI group. All these data were normalized by total ion
intensity and scaled by logl0 in the bar chart. The green circled metabolites indicate
the five features that did not retain the same change between the LC-MS/MS and
OrbiSIMS methods.

The alanine deprotonated ion observed at m/z 88.0402 in the OrbiSIMS dataset is
annotated as C:HsNO:>". However, this ion overlaps with a fragment derived from
aspartate, as highlighted in Table 2.3 of Chapter 2, due to their shared amino acid
backbone or structural similarity, as illustrated in Figure 5.8. A similar scenario is
observed for glycerol 3-phosphate, which may originate from the fragmentation of
lysophosphatidic acid. Lysophosphatidic acid, a key intermediate in lipid metabolism,
is synthesised from glycerol 3-phosphate through the action of glycerol-3-phosphate
acyltransferases (GPATs) and plays an essential role in various biological functions.
This overlap indicates that the signal at m/z 88.0402 might not exclusively represent

alanine but could also include contributions from aspartate fragmentation.

Such overlaps underscore the challenges in distinguishing certain metabolites in
OrbiSIMS analysis, particularly when fragmentation patterns are not fully resolved.
This reinforces the importance of complementary validation techniques, such as LC-

MS/MS, to confirm the identity and levels of metabolites.

Alanine Aspartate
O 0
HO
Yj\ OH Y OH
NH» o} NH>

Glycerol 3 phosphate Lysophosphatidic acid

Figure 5.8. The chemical structures of alanine, aspartate, and related metabolites
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(glycerol 3-phosphate and lysophosphatidic acid) highlighting their shared backbone
or structural similarity. The red squared regions indicate potential fragmentations

that may contribute to overlapping signals in OrbiSIMS analysis.

In conclusion of the metabolomics study mentioned above, metabolomic screening
using OrbiSIMS demonstrated broad coverage in detecting various chemical classes,
including polar and non-polar metabolites. This confirms the qualitative and semi-
quantitative capabilities of OrbiSIMS. However, the production of small fragments
hampers the quantitative ability of OrbiSIMS. Fragments produced from higher mass
molecules might share the same chemical structure with some low mass molecules,
making them mix, which is challenging to differentiate in the spectrum. Therefore,
LC-MS/MS was applied to further confirm those lower mass range metabolites and
complement the OrbiSIMS data. Combining both methods, the presence of ApoE4 in
H4 cells significantly affected the lipid metabolism (glycerophospholipids and
sphingolipids) and amino acid metabolism, including alanine, aspartate, and glutamate
metabolism, aminoacyl-tRNA biosynthesis, glutamine metabolism, and taurine and

hypotaurine metabolism.
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5.4 Conclusion

The hard ionisation method used in OrbiSIMS raises key concerns, especially in
relation to its application to biological and cellular samples due to extensive molecular
fragmentation. The MS/MS capability of OrbiSIMS can assist in differentiating
isobaric ions and provide detailed structural information. However, only ions with
sufficient intensity—specifically, an intensity per shot greater than 0.5—can be
selected for MS/MS analysis. Nevertheless, this study presents the first comparative
analysis integrating LC-MS/MS and OrbiSIMS datasets in H4 neuroglioma cells. The
high degree of overlap in features detected by these two techniques underscores the
potential of OrbiSIMS in multi-omics studies, highlighting its value as a robust
analytical tool despite the challenges associated with fragmentation. Further
investigations into the fragmentation patterns of various metabolites in OrbiSIMS are

necessary to enhance its applicability and reliability in biological research.

In addition, our study has identified clear guidance strongly advocating for the use of
other analytical methods to complement and validate the OrbiSIMS results for further
confirmation and to explore the metabolites of interest. However, the results observed
as part of this study show that OrbiSIMS has been successfully applied to studying
ApoE4-related metabolic and lipid changes, demonstrating its potential as metabolic
screening tool. More comparative analyses and validation methods in various sample
types are needed to further explore and solidify the applicability of OrbiSIMS in this
field.
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Chapter 6: Peptides assignment by OrbiSIMS
and Proteomics analysis by LC-MS/MS

6.1 Chapter aims

The analysis process of OrbiSIMS involves sputtering the surface of cell samples
using a primary ion beam, which ejects secondary ions that are subsequently
transferred into a mass spectrometer for detection. During the sputtering process, all
elements and molecular species on the surface or inside the H4 cells, including small
metabolites such as amino acids, lipids, carbohydrates, and nucleic acids, as well as
peptides and proteins—the major components of cells—are produced. Typically,
standard protein characterisation requires enzyme digestion to break down large
protein into small peptide chains prior to mass spectrometry. Kotowska et al. reported
annotating 16 example proteins (up to 272 kDa) by de novo sequencing, applying this
methodology to characterise a protein monolayer biochip, and conducting in situ depth

profiling of proteins through human skin [162].

Aside from metabolomics application of OrbiSIMS, simsMFP allowed for filtration of
peptide-related peaks from the OrbiSIMS dataset based on elemental composition.
Although peptide assignment and protein identification have been reported by
Kotowska and Max ef al. [156, 162], this phenomenon in more complex cell samples
has not been studied yet. In this chapter, the potential application of OrbiSIMS on
proteomics study will be discussed by further analysing the freeze-dried data collected
from Chapter 4. The elemental restriction especially for SIMS protein fragments will
be used to filter out peptide-related peaks from control and ApoE4 KI samples.
Furthermore, the standard proteomics approach by LC-MS/MS has been conducted

and will be reviewed as part of this chapter.
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6.2 Methods
6.2.1 Peptide related ions assigned by simsMFP

For peptide-related fragments assignment, simsMFP was also applied for chemical
element filtering H4 dataset. Firstly, elemental restriction (Cas-100, Hg-200, No-20, O0-20,
So-1) and DBE value (0.1667C, < DBE < 0.6667C,) reported by Kotowska et al. were
applied to filter out peptide-related peaks for negative ion mode [72]. Another
constraint for restricting chemical formulas is element ratios of H/C, N/C, and O/C

which are also based on protein fragments from 16 protein samples.
6.2.2 Sample Preparation for LC-MS proteomics

Cells were washed twice by PBS. Cell pellets were collected in microcentrifuge tubes
by removing and discarding the supernatant through centrifugation at 16,615 x g for 5
min at 4 °C. Then cell pellets were incubated in lysis buffer (8M Urea, 4 % CHAPs in
30mM Tris buffer, pH = 8.5) for 30 min on ice, with vortexing at 10min intervals.
Transfer the extract to microcentrifuge tubes and centrifuge at 16,615 x g for 10 min
at 4 °C. Aliquot the clear lysate to clean microcentrifuge tubes. These samples are

ready for assay. Lysates can be stored at -80 °C. Avoid multiple freezes/thaws.

A filter-aided sample preparation (FASP) method was used to generate enzymatic
peptides, which means the protein denature, reduction, alkylation and trypsin digestion
were performed on the membrane of a cartridge with a molecular weight cut-off

(MWCO) of 10KDa (Vivacon 500, Sartorius).

25 ug of lysates were denatured and reduced using 200uL of 20 mM Tris (2-
carboxyethyl) phosphine hydrochloride (TCEP)/8 M wurea in 200 mM
Triethylammonium bicarbonate (TEAB) buffer, pH 8.5. Alkylation was performed by
adding 200 pL of 50 mM lodoacetamide (IAA) in TEAB buffer. Trypsin digestion was
carried out at 37 °C for 16 h with an enzyme: protein ratio of 1:25. Between steps, the
samples were cleaned with TEAB buffer. Protein digests were eluted with 0.1 % TFA
in H>O, 0.1 % TFA in 50 % acetonitrile in HoO and 0.1 % TFA in acetonitrile by

centrifugation, the 3 fractions obtained were pooled and solvent was removed using
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Eppendrof Concentrator Plus (Eppendrof).
6.2.3 Peptides Separation and Mass Spectrometric Data Acquisition

Tryptic peptides separation and mass spectrometric analysis was performed on an
Vanquish™ Neo UHPLC System coupled with an Orbitrap Eclipse mass spectrometer
(Thermo Fisher Scientific). The data were recorded using Xcalibur 4.4 software

(Thermo Fisher Scientific).

After removing solvent, tryptic peptides were resuspended in 100 pL of 0.1 %
trifluoroacetic acid in H>O. For the chromatographic separation of peptides, 4 pL (1
ug) of resuspended solution was loaded on an Acclaim™ PepMap™ 100 C18 HPLC
Column (500 mm, 75 um i.d., 3 pm and 100 A, Thermo Fisher Scientific). The column
oven was set as 40 °C. Peptides were separated with a 120 min linear gradient from
5 % to 28 % buffer B (80 % acetonitrile in H>O, 0.1 % formic acid), i.e., 95 % to 72 %
buffer A (2 % acetonitrile in H2O, 0.1 % formic acid) over 105 min, then to 40 % B
over 15 min, finally to 95 % B over 10 min and kept at 95 % for 10 min, at a flow rate

0f 300 nL/min. The column was connected to an Thermo Easy-Spray capillary Emitter.

MSI spectra were acquired in the Orbitrap (Resolution = 120,000, Scan range = 175 -
1800, RF Lens = 40%, AGC target = Standard and Maximum injection time mode =
Auto). Charge states between 2 and 7 were required for MS2 analysis, and a 20 s

dynamic exclusion window was used. Cycle time was set at 2 second.

MS2 fragmentation was performed in the ion trap with normalized HCD collision
energy of 30 (Isolation mode = Quadrupole, isolation window = 1.6 Da, Auto scan
range mode). MS2 spectra were acquired in the orbitrap (Resolution = 15,000,
Maximum injection time = 35 ms, AGC target = 50,000, Normalised AGC target =
100% and Auto scan range).

Protein identification and label-free quantification were achieved using Proteome
Discoverer, version 2.5 (Thermo Fisher Scientific). Raw files were searched against
the Uniprot homo sapiens database (Swiss-Prot with isoforms) with the Sequest HT
search algorithm and using modified standard processing and consensus workflows.

The processing workflow included the mass recalibration node (spectrum files RC)
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along with the standard spectrum selector, Minora Feature Detector, Sequest HT and
Percolator nodes. The precursor mass tolerance was set to 10 ppm, and the fragment
mass tolerance was set to 0.02 Da, with maximum number of missed cleavages set to
2. Carbamidomethylation of cysteine residues (+57.021 Da) was set as static
modification, while the oxidation of methionine residues (+15.995 Da) and N-terminal
protein modifications of Acetyl (+42.011 Da) were set as dynamic modifications. False
discovery rate (FDR) tolerances in the Percolator node were set to 0.01 for high
confidence and 0.05 for medium confidence. The final results were rescored with

percolator and filtered to 1 % FDR.

The proteomics network and enrichment analysis were performed by using Cytoscape

and StringApp according to the method reported by Nadezhda et a/ [193].
6.2.4 Gene Ontology Analysis for Metabolomics

To cover the relevant GO metabolic processes that were not mentioned by alternative
pathway analysis approaches, IDSL.GOA (gene ontology analysis for metabolomics)
is performed for a more comprehensive and accurate analysis of metabolite pathway

data. (https://goa.idsl.site/goa/#/intro) Firstly, to perform IDSL.GOA analysis, we

need to map the significant metabolites to KEGG ID which were used as input for
IDSL.GOA by using the enrichment function in  Metaboanalyst
(https://genap.metaboanalyst.ca/MetaboAnalyst/upload/EnrichUpload View.xhtml)

and the PubChem Identifier Exchange service

(https://pubchem.ncbi.nlm.nih.gov/idexchange/idexchange.cgi).

138


https://goa.idsl.site/goa/#/intro
https://pubchem.ncbi.nlm.nih.gov/idexchange/idexchange.cgi

6.3 Results and Discussion

6.3.1. Peptide fragments can be observed from H4 cells by OrbiSIMS

The dataset utilised for peptide assignment is the same as that obtained from the
OrbiSIMS metabolomics analysis described in Chapter 4. Initially, peak search was
performed on each raw data file requiring a minimum count of 5000, generating an
ion peak list for each sample. Subsequently, simsMFP was used to predict and filter
the ions based on elemental restrictions: (Ca-100, Hg-200, No-20, OQ0-20, So-1). Next, we
applied DBE value constraints (0.1667C, < DBE < 0.6667C,) and calculated N/C, O/C,
H/C ratios in accordance with the manually assigned OrbiSIMS peptide fragments of
16 example proteins by Kotowska et al., as depicted in Figure 6.1. The necessity to
apply unique rules for OrbiSIMS peptide assignment arises from the distinct
fragmentation patterns observed in OrbiSIMS compared to other proteomics databases,
necessitating the development and application of an in-house database. Ultimately, the
numbers of peptide fragments assigned from each of the H4 samples are detailed in

Table 6.1.
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Figure 6. 1. N, O, and H to C ratio of peptide-related ion peaks based on the 16

example proteins.
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Table 6. 1. The number of peptide assignments after applying different chemical

filtering restriction.

Sample name Controll Control2 | Control3 | ApoE4 KI-1 | ApoE4 KI-2 | ApoE4 KI-3
Ion peaks 3012 3012 3012 6871 7091 6829
Elemental restriction 6793 6773 6823 6193 6851 7616

DBE and N, O,Hto C | 134 134 138 144 140 144

ratio restriction

After applying all restrictions, more than 100 peptide assignments were found in each
cell sample that are listed in Table S1 and S2. Venn diagram (Figure 6.2A) showed 90
peptide assignments commonly observed in the Control group, and 95 in the ApoE4
KI group. Venn analysis between 90 peptide fragments of Control and 95 of ApoE4
KI further revealed that 52 fragments are detected both from Control and ApoE4 KI.
Moreover, we found the relative abundance of those 52 peptide assignments in ApoE4-
carried cells much lower than those in control cells (Figure 6.2A). It might suggest
that the protein biosynthesis might be inhibited by ApoE4. The defective protein
synthesis of neurons by ApoE4 has been reported by Sarayu et al. which indicates an
NMDA-mediated alteration of synaptic signalling in ApoE4 treatment [194].
Moreover, the detection of 38 unique peptide fragments in the control and 43 in ApoE4
suggests that some proteins are affected by ApoE4, possibly through changes in

protein expression levels or modifications.
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Figure 6. 2. Peptide fragments from OrbiSIMS. The Venn diagram of peptide
assignment from each of samples and assignments commonly detected from the
control and ApoE4 KI groups. The heatmap of 52 common peptide fragments from
the control and ApoE4 KI groups.
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6.3.2 Proteomics alteration affected by ApoE4 in H4 cells

The detection of peptides by using OrbiSIMS gives us a clue about the alteration of
peptides from H4 cells which might indicate the ApoE4-mediated dysfunction of
protein biosynthesis. However, due to the limited OrbiSIMS protein database we are
not able to identify those peptides. In addition, to investigate the role of ApoE4 in
protein level, proteomics was analysed on the Vanquish™ Neo UHPLC System

coupled with Orbitrap Eclipse mass spectrometer.

By performing proteomics analysis, a total of 2925 proteins have been detected from
two groups of samples. Based on the different expression levels of these proteins
between ApoE4-carried and wild-type H4 cells, 1503 proteins have been selected by
filtering the protein with ApoE4/control ratio of > 2 and < 0.5. Network building was
performed using the STRING database by inputting these 1503 proteins, only 1458
protein IDs have been recognized by STRING protein database.

Starting with the list of 1458 proteins with significantly regulated features in the study,
we first produce the corresponding STRING protein network in Cytoscape. Then, the
log ratios of differentially expressed proteins between ApoE4-carried cells and wild-
type H4 cells, can be visualised on the network nodes. Here, we use a blue-white-red

colour gradient to highlight the nodes with low or high log ratios (Figure 6.3).
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The log ratio of ApoE4/control

-2.00 2.00

Figure 6. 3. The protein network built by StringApp. The nodes (1458) present each
protein, and edges (26953) present the interaction between proteins. Red nodes mean
up-regulated proteins in the ApoE4-KI group compared with Control H4 cells. Blue

nodes mean down-regulated proteins.

Next, to functionally characterise these up or down-regulated proteins, stringApp was
used to perform functional enrichment analysis. For 1161 up-regulated proteins
(19864 interactions) affected by ApoE4, Markov clustering (MCL) algorithms have
been performed to group the proteins in the network based on their interactions from
STRING (inflation value: 4.0). After MCL simplification, only 1495 interactions
within clusters are retained. Next, we only focused on the most cluster (101 proteins
with 611 interactions) in the up-regulated protein network. To functionally
characterize the cluster, we used stringApp to perform functional enrichment analysis,
which resulted in a list of 96 statistically significant terms (FDR < 0.05) that span two
categories: Gene Ontology (GO) Biological Process, and KEGG Pathways (listed in
Table S3). Of these, the most significant GO biological processes were the
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Organonitrogen compound biosynthetic process (Figure 6.4A), Cellular amino acid
metabolic process, Mitochondrial gene expression, Nucleobase-containing compound
metabolic process and tRNA processing suggesting by expressing ApoE4, the proteins
that participate in metabolic processes of H4 cells have been up regulated. Besides,
the KEGG pathways including aminoacyl-tRNA biosynthesis, biosynthesis of amino
acids, alanine, aspartate and glutamate metabolism, fit well with previous
metabolomics finding in this study that is consistent to dysfunction of aminoacyl-

tRNA biosynthesis and amino acids affected by ApoE4.

Organonitrogen compound biosynthetic process

ZPRY

Figure 6. 4. Clustered protein association network of up-regulated proteins (a) and
down-regulated proteins (b), along with the proteins involved in their corresponding
Gene Ontology (GO) biological processes. Log ratios between the ApoE4-carried
group and the control group for each protein were mapped to the nodes using a blue-
white-red gradient. Full details of those protein are listed in Supplementary Table S3
and 4.
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For 297 down-regulated proteins (715 interactions) affected by ApoE4, Markov
clustering (MCL) algorithms have been performed to group the proteins in the network
based on their interactions from STRING (inflation value: 4.0). After MCL
simplification, we focused on the most cluster (255 proteins with 706 interactions) in
the down-regulated protein network. In terms of down-regulated proteins after ApoE4
K1, the enrichment analysis resulted in a list of 69 (downregulated) statistical terms
(Table S4). Of these, the two most significant GO biological processes were RNA
splicing and RNA processing. The down-regulated enrichment pathways affected by
ApoE4 fit well with the finding by Towfique ef al. and Ping-Chung et al [195, 196]
that the RNA splicing dysfunction is related to AD pathology. In addition, our KEGG
pathways identified significant enrichment of spliceosome, endocytosis and RNA
transport pathways. Our proteomics data supports the idea that ApoE4 is associated
with the disruption of gene transcription and translation, however, the exact

mechanism is not clear and needs to be further confirmed.

6.3.3 GO analysis of metabolomics and proteomics affected by ApoE4

Finally, to comprehensively interpret cross connection between proteomics data with
metabolomics, we applied GO analysis for metabolomics as well. We built up
metabolite datasets that were significantly different between the ApoE4 KI group and
the control group from OrbiSIMS (35) and LC-MS (40), respectively. Out of this list,
15 (OrbiSIMS) and 28 (LC-MS) metabolites had KEGG identifiers available and were
used as input for IDSL.GOA analysis [197]. The GO analysis for OrbiSIMS
metabolomics suggested a total of 17 GO processes that were changed such as the
cysteine, sulfur amino acid catabolic processes (Table S5), tRNA aminoacylation for
mitochondrial protein were significantly affected by ApoE4. For LC-MS, 120 GO
biological processes were affected by ApoE4 which involved pyridine-containing
compound process, cysteine metabolic process, cellular amino acid biosynthesis
process etc (Table S6). We found many overlapping metabolic processes from
OrbiSIMS and LC-MS datasets, which are all involved in amino acid metabolism
(Figure 6.5). Furthermore, by comparing GO analysis of metabolomics with

proteomics GO analysis, cellular nitrogen compound metabolic process and tRNA
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aminoacylation process are found commonly from both omics results. Overall, GO

analysis of metabolomics by using IDSL.GOA provides more biological function

information from metabolites study, as well as helps building the link between

metabolomics and proteomics, overall suggesting that nitrogen compounds, amino

acids, tRNA aminoacylation metabolic processes play important roles in ApoE4

mediated molecular alterations in AD.

Proteomics data

OrbiSIMS GC-DESCRIPTION

Category Description FDR value

GO Biological Cellular nitrogen compound 1.11E-23
Process metabolic process

GO Biological Carboxylic acid metabolic process 4.61E-20
Process

GO Biological tRNA ami ylation for protein 1.58E-15
Process translation

FDR value
-cysteine metabolic process 0.000596
L-cysteine catabolic process 0.000596
cysteine catabolic process 0.000596
sulfur amino acid catabolic process 0.002183
serine family amino acid catabolic process 0.00937
steine metabolic proce 0.010239
translatio 0.010282
amino acid activation 0.010474
glutamate catabolic process 0.010474
protein processing 0.010474
GO_DESCRIPTION FDR value
pyridine-containing compound catabolic process 7.64E-06
pyridine-containing compound metabolic process 3.83E-05
L-cysteine metabolic process 0.000205
L-cysteine catabolic process 0.000205
cysteine catabolic process 0.000205
ellular amino acid biosynthetic process 0.000253
purine ribonucleoside salvage 0.000253
glutamine family amino acid metabolic process 0.000281
LC-MS ulfur amino acid metabolic process 0.000344

nucleobase-containing small molecule catabolic process 0.000565

Figure 6. 5. GO analysis of metabolomics datasets from OrbiSIMS and LC-MS/MS,

and comparison with proteomics GO analysis.
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6.4 Conclusion

In conclusion, whilst no studies have yet reported assigning peptides or proteins using
OrbiSIMS from complex biological samples, we have successfully assigned peptide
fragments induced by a gas cluster ion beam (GCIB) from H4 neuroglioma cell
samples. These assignments, based on elemental restrictions, have provided insights
into the chemical composition and intensities of peptide fragments. This information
suggests that proteins may also be affected by the ApoE4 risk gene. However, the
complexity of cellular components and the prevalence of multiple proteins sharing
identical peptide sequences mean that our current understanding of OrbiSIMS protein
detection remains incomplete. Consequently, further investigation into protein

changes through standard proteomics studies is warranted.

Proteomic Gene Ontology (GO) analysis has revealed dysfunctions in organonitrogen
compound metabolic processes and RNA splicing, influenced by ApoE4. Gene
Ontology analysis, a robust tool in genomics and proteomics, categorises and
elucidates the functions of genes and proteins within biological systems. Typically, the
biological interpretation of metabolomics data involves pathway analysis and
metabolite set enrichment analysis. However, the biological functions of metabolites
and metabolic pathways are not fully captured and vary across different databases,

potentially leading to misunderstandings and poor biological interpretations.

To bridge proteomics data with metabolomics comprehensively, we also applied GO
analysis to our metabolomics studies. Mahajan et al. reported an online GO tool for
metabolomic datasets, which can identify crucial GO metabolic processes not covered
by existing pathway databases. As part of this study, we utilised IDSL.GOA for our
metabolomic datasets to obtain deeper biological insights. The overlapping GO
analysis of metabolomics and proteomics data further highlighted the significance of
amino acids and the tRNA aminoacylation metabolic process in ApoE4 pathology.
Overall, this underscores the critical role ApoE4 plays in cellular metabolism and the
translation process, contributing to the pathological mechanisms of Alzheimer's

disease.
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Chapter 7: Conclusion, Limitations and Future

Work

Conclusion

Extensive clinical, pathological, epidemiological, and genetic research has
demonstrated that ApoE4 is the strongest genetic risk factor for late-onset Alzheimer's
Disease (AD) [7]. ApoE4 is associated with multiple AD-related pathologies,
including amyloid deposition, tau phosphorylation, innate immune activation, and
vascular dysfunction. A deeper understanding of ApoE4-related mechanisms in AD

could therefore provide critical insights for developing targeted therapeutic strategies.

Metabolomics and proteomics studies are widely used to investigate gene-related
molecular mechanisms. LC-MS-based analyses involve sample extraction, digestion,
and separation, all of which require relatively large sample quantities and may result
in a loss of spatial information. These limitations reduce the depth of insight that can

be obtained from conventional approaches.

To complement and extend existing animal studies and facilitate translational research,
there is a need for a screening method that uses smaller sample sizes, requires minimal
or non-destructive preparation, and allows for spatially resolved molecular profiling.
In this context, OrbiSIMS offers a promising platform for studying ApoE4-mediated
molecular alteration in Alzheimer’s disease, owing to its label-free detection, minimal
sample requirements and the ability to perform depth profile and imaging analysis

compared to other surface mass spectrometry analysis technique.

In this study, H4 neuroglioma cells were used as an initial model to assess the
feasibility of OrbiSIMS. Two sample preparation methods-freeze drying and frozen
hydration-were evaluated, aiming to optimise the detection of lipids and metabolites.
Freeze-dried H4 cells were selected for subsequent experiments based on signal

quality.

To establish an ApoE4-relevant disease model, a CRISPR-Cas9 gene editing method
was applied to create ApoE4 knock-in (KI) cells. Both control H4 and ApoE4 KI cells
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were analysed by OrbiSIMS in their freeze-dried state. A total of 192 metabolites,
including lipids and polar metabolites, were detected and assigned using a molecular
formula prediction tool. Lipid dye staining and LC-MS/MS-based polar metabolomics
were used to validate and complement the OrbiSIMS results. In addition, the capability
of OrbiSIMS to detect peptide fragments was explored, and standard proteomics were
conducted to further investigate ApoE4-associated protein changes. Gene Ontology
(GO) analysis of the metabolomics dataset helped to integrate findings from both
metabolomics and proteomics, revealing overlapping biological processes, including

nitrogen compound metabolism, amino acids metabolism, and tRNA aminoacylation.

OrbiSIMS enables label-free detection of metabolites and peptide fragments from a
single sample with minimal sample preparation. In contrast to LC-MS/MS workflows
- which typically require separate extraction and separation processes for lipids,
metabolites and peptides — OrbiSIMS offers a streamlined and efficient alternative,
particularly suitable for metabolomics screening. While lipids are well detected by
OrbiSIMS, polar metabolites such as amino acids can be putatively annotated.
However, the fragmentation inherent to SIMS can complicate molecular ion
assignment, highlighting the importance of complementary validation using

LC/MS/MS.

Pathway analysis revealed that glycerophospholipid biosynthesis was the most
affected metabolic pathway in the ApoE4-carried neuroglioma H4 cells, followed by
disturbances in alanine, aspartate, and glutamate metabolism, as well as alanine,
taurine, and hypotaurine metabolism. These findings shed light on potential metabolic
mechanisms of ApoE4-related AD pathology. Moreover, peptide fragments detected
in both wild-type and ApoE4-carried cells suggest that protein biosynthesis may be

impaired in the presence of ApoE4.

In conclusion, this study presents a novel (Figure 7) combining OrbiSIMS as a label-
free metabolomics screening tool with LC-MS/MS as a complementary validation
technique. We demonstrated that ApoE4 expression in H4 cells leads to dysregulation
of glycerophospholipid metabolism and amino acid hypometabolism, particularly in
alanine, aspartate, glutamate, and taurine pathways. We also showed the potential of

OrbiSIMS to detect peptide fragments, which could provide further insight into protein
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biosynthesis dysfunction. Proteomics analysis revealed the dysfunction of the
organonitrogen compound metabolic process and RNA splicing affected by ApoE4.
GO analysis confirmed that amino acid metabolism and tRNA aminoacylation are key
biological processes affected by ApoE4. Overall, it suggests the key role of ApoE4
played in cellular metabolism and the translation process associated with the

pathological mechanism of AD.

OrbiSIMS Analysis Further Validation

— Lipids —— Lipid dye staining

Orbitrap analyzer

Py

»| Polar metabolites _——, Polar metabolomics by LC-MS/MS

BSOS

— Peptide fragments —— Proteomics

27
Figure 7.1. The novel workflow of OrbiSIMS as a screening tool suggests further
validation methods for each type of metabolite. Initially, OrbiSIMS depth profile
analysis is conducted to obtain spectral information, including lipids, polar
metabolites, and peptide fragments. If differentiated levels of lipids are observed
under disease or treatment conditions, they are further validated or confirmed
through lipid dye staining or lipidomics studies. Similarly, alterations in polar
metabolites can be complemented and further explored using LC-MS/MS
metabolomics. Finally, the applicability of OrbiSIMS to detect peptide fragments
provide initial indications of protein level changes, which can be further investigated

by proteomics analysis.

OrbiSIMS-based depth profiling has been successfully applied to metabolomics and
lipidomics in H4 neuroglioma cells. Given the capabilities of SIMS as a mass
spectrometry imaging technique, this approach can be extended to spatial analysis of
metabolites, lipids, and even proteins. Common surface mass spectrometry imaging

techniques are summarised in Table 7.1. These include MALDI (Matrix-Assisted
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Laser Desorption/Ionisation), SALDI (Surface-Assisted Laser Desorption/Ionisation),
LAESI (Laser Ablation Electrospray lonisation), DESI (Desorption Electrospray
Ionisation), and LESA (Liquid Extraction Surface Analysis) [198, 199].

MALDI is widely used for detecting large biomolecules such as peptides and proteins.
However, it requires a matrix, which can introduce background interferences and
demands optimisation for specific analytes and sample types. Matrix-derived
fragments often dominate the low-mass range, complicating small molecule analysis.
SALDI addresses this limitation by using nanostructured substrates, improving the
detection of small metabolites and pharmaceutical compounds [200]. LAESI enables
ambient ionisation, allowing spatially resolved analysis of metabolic heterogeneity in
fresh, water-rich biological samples [201]. Other ambient ionisation techniques such
as DESI, LESA, also provide matrix-free surface analysis under atmospheric

conditions.

OrbiSIMS presents several advantages, including high sensitivity, minimal sample
preparation, no requirement for matrix application, high spatial resolution, and
excellent mass resolution. It enables detailed chemical imaging and can detect a broad
range of molecular species—including lipids, polar metabolites, and peptide
fragments—from biological tissues. However, like all analytical techniques,
OrbiSIMS has its limitations. One significant challenge is the presence of isobaric
species, which can hinder accurate analyte identification in complex biological
samples. Although the MS/MS capability of the Orbitrap analyser can address this
issue, it requires sufficient precursor ion intensity for successful fragmentation and

detection.

In imaging applications, the high spatial resolution advantage of SIMS is somewhat
limited when using argon gas cluster ion beam (GCIB) as the primary ion source.
While GCIB induces less fragmentation than a bismuth liquid metal ion gun (LMIG)
and C60 ion beam, it sacrifices spatial resolution and acquisition speed. The best
achievable spatial resolution for argon GCIB-OrbiSIMS is approximately 2 um, and

image acquisition is significantly slower compared to LMIG-ToF-SIMS imaging.
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Table 7.1. Comparison of Surface mass spectrometry approaches

Technique

Ionisation mechanism

Sample Preparation

Spatial Resolution

Key Analyte Types

SIMS (Secondary ion

mass spectrometry)

Secondary ions are produced by bombarding the surface
with a focused primary ion beam.

Hard ionisation under high vacuum.

Samples must be compatible with
vacuum; typically dried at room

temperature or frozen-hydrated.

~1-10 um

~50 nm nanoSIMS [202]

Small molecules, lipids,
polar metabolites,

peptides

MALDI (Matrix-assisted
laser

desorption/ionisation)

Laser irradiates a matrix, which absorbs energy and assists
in desorption and ionisation of analytes.

High-vacuum condition; Soft ionisation.

A suitable matrix (e.g., CHCA, DHB)
must be uniformly applied to the

sample surface.

~5-100 um for most commercial instruments

~1.4 um AP-MALDI coupled with optics system
[203].

~600 nm by transmission-mode MALDI with laser
post ionization (t-MALDI-2) [204]

Peptides, proteins, lipids

SALDI (Surface assisted
laser

desorption/ionisation)

No matrix is required; instead, inorganic nanostructured
substrates are used to assist in the ionisation of analytes.

High-vacuum condition; Soft ionisation.

No matrix required, but samples must
tolerate direct laser exposure. Surface

should be homogeneous.

~75 nm-100 um [205, 206]

Small molecules,

nanomaterials

LAESI (Laser ablation

electrospray ionisation)

A focused laser pulse ablates the sample, generating a plume
of desorbed molecules, which are subsequently ionised by
an electrospray.

Atmospheric conditions; Soft ionisation

Samples should be fresh or frozen-
hydrated, ideally with high water

content.

~100-200 um [207, 208]

Metabolites, lipids

DESI (Desorption

electrospray ionisation)

A charged solvent spray desorbs molecules from the surface
and ionises them upon impact.

Atmospheric conditions; Soft ionisation

Samples must be dry and flat; non-

conductive surfaces are preferred.

~35-200 um [209]
Down to 7-10 um using nanoDESI [210]

Lipids, metabolites

LESA (Liquid extraction

surface analysis)

A solvent droplet extracts analytes from the surface, which
are subsequently ionised via electrospray.

Atmospheric conditions; Soft ionisation

A flat surface is required; samples can

be dried or frozen sections.

Not ideal for imaging; typically ~500-1000 pm
[211]
But a large number of samples will be ionised which

increase sensitivity.

Proteins, peptides, drugs
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Limitations

One limitation of this study is the relatively small number of biological replicates
within each experimental group. While preliminary or exploratory studies often rely
on limited sample sizes due to constraints such as time, cost, or sample availability, a
low number of replicates can reduce statistical power and increase the likelihood of
both false positives and false negatives [212]. Given the high biological variability of
cell samples, a greater number of biological replicates should be considered in
experimental design. This includes analysing multiple wells of cells and using cells
from different passages to assess whether variations in metabolic profiles occur across
different culture conditions. From a technical perspective, SIMS is a surface-sensitive
technique, and its performance can be affected by subtle variations in sample handling
or instrument stability. Therefore, incorporating technical replicates is crucial to
evaluate measurement reproducibility and assess signal consistency across repeated

acquisitions [213].

Statistical robustness is further challenged by the high-dimensional nature of
untargeted SIMS datasets, which involve thousands of variables per sample. In this
context, correcting for multiple hypothesis testing is essential to minimise false
discoveries. This study employed False Discovery Rate (FDR) correction methods,
such as the Benjamini-Hochberg procedure, to control the proportion of false positives
among the list of significant features. However, when the number of replicates is low,
FDR control becomes less reliable. Sparse data can lead to unstable variance estimates,
resulting in either overcorrection—where true positives are missed—or
undercorrection—where false positives are retained. Moreover, when the signal-to-
noise ratio is low, FDR-corrected p-values may not adequately distinguish meaningful
biological differences from background noise [214]. Ultimately, while FDR correction
mitigates some risks of false discovery, it cannot fully compensate for the limitations
imposed by small sample sizes and high data dimensionality. As such, the findings of
this study should be interpreted with caution, and validation using targeted approaches
or larger, statistically supported cohorts will be necessary to confirm the

reproducibility and biological relevance of the molecular alterations observed.

153



Another limitation is the lack of additional cell models to further confirm and validate
the impact of ApoE4. Due to budget constraints and the limited time frame of my PhD,
other ApoE4 knockout models could not be investigated. Future research should
incorporate a broader range of cell types, including microglia, astrocytes, and neurons,
to better understand the metabolic pathways affected by ApoE4 in Alzheimer’s disease.
Given the diverse functions of ApoE4 across different cell types, co-culture models of
neurons and astrocytes/microglia may also be necessary. Furthermore, since gene
editing can introduce other factors into cells, human-derived stem cells carrying the
ApoE4 genotype would provide a better model, as the externally induced risk gene

may not fully account for the pathological changes of ApoE4 in the human body.

Moreover, further application of OrbiSIMS in metabolomics and lipidomics studies of
biological samples should consider the fragmentation issue, particularly for ions in the
low mass range. These ions may originate from, or overlap with, fragments of larger
metabolites. Investigating the fragmentation patterns of metabolites in OrbiSIMS will
be a valuable direction for future work, enhancing ion annotation and assignment.
Conducting OrbiSIMS MS/MS experiments on targeted metabolite, lipid, or peptide
ions can be highly beneficial for characterising and confirming the identities of
detected ions, as well as for understanding their fragmentation patterns [146]. For
example, Suvannapruk et al. identified lipid species such as phosphatidylinositol PI
(36:2) and PI (38:4) in macrophages using MS/MS [149]. The fragmentation
confirmed both the PI head group and the fatty acid side chains, making structural
information accessible. However, successful MS/MS experiments require precursor
ions with sufficient signal intensity, typically > 0.5 counts per shot. Therefore, it is
recommended to perform MS/MS on a targeted list of ions that are of particular interest

and have adequate intensity to ensure reliable fragmentation analysis.

Additionally, the use of alternative primary ion beams—such as water cluster ion
beams—may improve ion yields from biological samples, thereby enhancing both
sensitivity and MS/MS performance [215]. Argon gas clusters have been widely used
in recent years for biological analysis due to their advantages of low chemical damage
and preservation of intact molecular ions. However, they are still limited by low spatial

resolution and low ionisation efficiency. Recent developments by the Vickerman and
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Lockyer group have shown that water cluster ion beams can enhance biomolecular ion
signals by approximately 100-fold [216]. High-energy (~70 keV) H20 cluster beams
have demonstrated the capability to achieve ~1 pm spatial resolution while delivering
higher ionisation yields compared to argon clusters [217]. Notably, Tian et al.
successfully applied this technique to imaging frozen-hydrated cells and tissues,
highlighting its potential in biological surface analysis [218, 219]. Therefore, coupling
water cluster ion beams with OrbiSIMS may significantly improve the detection of
molecular ions in biological samples. Combined with the MS/MS capabilities of the
Orbitrap analyser, this approach could offer more detailed insights into the chemical

structures of complex biomolecules.

Future work

This study has demonstrated and validated the capability of OrbiSIMS to detect a wide
range of molecular species in biological samples. Notably, OrbiSIMS showed strong
potential for identifying lipid alterations associated with disease states, even in small
sample volumes—a strategy that could be extended to other biological matrices,
including tissues and primary cells. Additionally, ion-specific depth profiling provides

valuable insight into molecular distribution across different sample layers.

Despite these advances, the ionisation mechanisms induced by argon gas cluster ion
beams (GCIB) remain incompletely understood, particularly due to complex matrix
effects. Lipids were among the most readily detected biomolecules in this study and
others, likely due to their abundance in cell membranes and their ease of ionisation in
both positive and negative modes. To improve metabolite detection in future studies,
it will be important to analyse standards of polar metabolites to better understand
which physicochemical properties influence ionisation efficiency in OrbiSIMS. A
deeper understanding of molecular ionisation behaviours will enhance experimental

design and data interpretation in SIMS-based metabolomic and lipidomic research.

OrbiSIMS also demonstrated promising capabilities for peptide detection, suggesting
the potential for label-free protein imaging and identification directly from complex

biological samples. This would be particularly valuable in studying the spatial
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distribution of Alzheimer’s disease-related proteins. To improve confidence in protein
identification, future work should involve OrbiSIMS analysis of protein standards—
particularly those identified as highly abundant in LC-MS/MS datasets of H4 cells.
Generating reference spectra from purified proteins would support accurate
identification of proteins directly from cell samples and provide insight into
OrbiSIMS-specific fragmentation patterns. However, it is important to recognise that
standards may not fully replicate the endogenous structures, folding states, or post-
translational modifications of native cellular proteins. To bridge this gap, the analysis
of H4 cell-derived protein extracts as complex mixtures could offer a more
biologically relevant reference. Complementary techniques such as ESI-MS/MS or
LESA-MS/MS may also aid in identifying intact proteins and PTMs, as these soft

ionisation methods produce less fragmentation than SIMS.

Looking ahead, a major objective is to expand the application of OrbiSIMS as a label-
free omics screening tool across a broader range of brain cell types. Future studies will
focus on patient-derived, stem cell-differentiated astrocytes and neurons, which more
closely reflect the pathophysiological conditions of neurodegenerative diseases.
Additionally, the imaging capabilities of OrbiSIMS could be harnessed to investigate
cell—cell communication using co-culture systems or 3D cell models. Incorporating
diverse cellular models that better represent disease-relevant states will significantly

enhance the biological relevance of future investigations.
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Figure S1. Original Western blot gel image used for selecting monoclonal cell lines
(1-36). Two proteins were detected: actin (42 kDa) as the reference protein and

ApoE4 (34 kDa) as the target protein.

Table S 1. Peptide assignments from each of Control H4 samples.

Controll Control2 Control3
Mass Normalized Chemical Mass Normalize Chemical Mass Normalize Chemical
intensity formula d intensity formula d intensity formula
98.0611 0.000204 CsHsNO- 98.061 0.000204 CsHsNO- 98.0611 0.000178 CsHsNO-
1
141.067 0.000676 CsHoN2O>- 141.06 0.000676 CsHoN20Oo- 141.067 0.00051 C6HoN>O»-
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145.0982 4.29E-06 CsH13N20o- 145.09 4.29E-06 CsHi3N20»- 145.0982 4.43E-06 C6Hi13N20»-
8

153.0669 0.00149 C7H9N20>- 153.06 0.00149 C7H9N>0»- 153.0669 0.00114 C7H9N202-
7

155.0826 0.000683 C7H1N2O»- 155.08 0.000683 C7H11N20O2- 155.0826 0.000509 C7H11N202-
3

166.0748 8.89E-06 CsHioN202- 166.07 8.89E-06 CsH1oN202- 166.0748 | 5.26E-06 CsHioN20»-
5

167.0826 0.000592 CsHiiN2O»- 167.08 0.000592 CsHiiN20O»- 167.0826 0.000451 CsHiiN2O»-
3

169.0982 0.000352 CsHi3N202- 169.09 0.000352 CsHi3N20»- 169.0983 0.000235 CsHi3N20»-
8

181.0983 0.000385 CoH13N20>- 181.09 0.000385 CoH13N202- 181.0983 0.000271 CoH13N202-
8

183.1139 5.84E-05 CoH1sN20»- 183.11 5.84E-05 CoHi5N20»- 183.1139 3.85E-05 CoH15N20»-
4

191.0826 3.38E-05 CioH11N20»- 191.08 3.38E-05 CioH11N20»- 191.0827 1.79E-05 CioH11N20»-
3

193.0982 2.25E-05 CioH13N202- 193.09 2.25E-05 CioH13N202- 193.0983 1.30E-05 CioH13N20:-
8

194.0935 9.98E-05 CoH12N302- 194.09 9.98E-05 CoH12N302- 194.0935 5.39E-05 CoH12N302-
4

195.0775 | 3.00E-05 CsHiN2Oy- | 195.07 | 3.00E-05 | CoHnN:Ox- 1950775 | 1.81E05 | CoHnN:Ox
8

195.1139 0.000148 CioH15N202- 195.11 0.000148 C1oH15sN202- 195.1139 9.61E-05 CioH15N202-
4

196.1092 9.37E-05 CoH14N302- 196.10 9.37E-05 CoH14N302- 196.1092 5.95E-05 CoH1aN302-
9

197.1296 8.93E-06 CioH17N20:- 197.13 8.93E-06 CioH17N20»- 197.1296 6.08E-06 CioH17N202-

198.1249 | 4.47E-05 CoHigNaOz- | 198.12 | 4476-05 | CoHioN:Ox- 198.1249 | 3.26E-05 | CoHioN:Ox
5

200.1405 9.69E-06 CoH1sN302- 200.14 9.69E-06 CoH1sN302- 200.1406 5.28E-06 CoH1sN30»-
1

207.0776 8.21E-06 CioH11N203- 207.07 8.21E-06 CioH11N20s- 207.0775 4.79E-06 CioH11N20s-
8

208.1092 9.96E-05 Ci1oH14N302- 208.10 9.96E-05 Ci10H14N302- 208.1092 6.84E-05 CioH1aN302-
9

209.0932 1.10E-05 CioH13N203- 209.09 1.10E-05 CioH13N203- 209.0932 9.45E-06 CioH13N203-
3

210.0885 0.000123 CoH12N303- 210.08 0.000123 CoH12N30s- 210.0885 9.18E-05 CoH12N30s-
9

210.1249 4.15E-05 CioH16N302- 210.12 4.15E-05 CioH16N302- 210.1249 3.12E-05 CioH16N302-
5

212.1041 3.63E-05 CoH14N;03- 212.10 3.63E-05 CyH14N30;- 212.1042 2.14E-05 CoH14N303-
4

212.1405 | 3.13E-05 CroHisNaOz- | 212.14 | 3.13E-05 | CroH1sNaOx- 212.1406 | 1.89E-05 | CroH1sN:Ox-
1

224.1042 5.48E-05 Ci10H14N30s- 224.10 5.48E-05 CioH14N303- 224.1042 2.81E-05 CioH14N303-
4

226.1199 2.18E-05 CioH16N30;- 226.12 2.18E-05 CioH16N303- 226.1199 1.68E-05 CioH16N303-

238.1199 2.22E-05 C11H16N303- 238.12 2.22E-05 C11H16N30s- 238.1199 1.35E-05 C11H16N30s-

240.1355 | 2.28E-05 CiHiN:Os- | 24013 | 228E-05 | CuHisN:Ox- 240.1356 | 1.58E-05 | CnHisN:Os-
6
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252.1356 7.35E-06 C12H1sN30s- 252.13 7.35E-06 C12Hi1sN303- 252.1356 5.89E-06 Ci2HisN303-
6

266.1512 5.31E-06 C13H20N305- 266.15 5.31E-06 C13H20N303- 266.1513 3.81E-06 C13H20N303-
1

267.1465 3.09E-06 Ci12H19N4O;- 267.14 3.09E-06 C12H19N403- 267.1465 2.24E-06 C12H19N403-
7

2071571 | 331E-06 CoHnNOs | 297.15 | 331E-06 | CiHaNaOx 2071569 | 198E-06 | CisHaN:Os-
7

553.2786 1.69E-05 C2sH37N6O6- 553.27 1.69E-05 C2sH37N6Os- 553.2786 1.41E-05 C2sH37N6¢Os-
9

562.2556 5.68E-06 C29H34N6O6- 562.25 5.68E-06 C29H34N6Os- 562.2555 5.66E-06 C2oH34N6Os-
6

571.2891 5.19E-06 C23H30N6O7- 571.28 5.19E-06 C23H39N6O7- 571.2888 2.54E-06 C23H39N6O7-
9

579.2943 5.70E-05 C30H39N6Os- 579.29 5.70E-05 C30H39N6¢Og- 579.2942 4.58E-05 C30H39N¢Og¢-
4

5802976 | 1.13E-05 CasHawoN:Os- | 580.29 | I.13E-05 | CasHawoN:Os- 5802977 | 8.05E-06 | CasHaoNsOs-
8

581.3098 9.60E-05 C30H41N6O6- 581.31 9.60E-05 C30H41N6Os- 581.3099 8.87E-05 C30H41N6Os-

582.3133 2.04E-05 C25H42NsOs- 582.31 2.04E-05 C25H4NsOs- 582.3134 2.08E-05 C25H42NsOs-
3

597.3051 1.33E-05 C30H41N6O7- 597.30 1.33E-05 C30H41N6O7- 597.3048 1.16E-05 C30H41N6O7-
5

599.3205 3.20E-05 C30H43N6O7- 599.32 3.20E-05 C30H43N6O7- 599.3206 3.08E-05 C30H43N6O7-
1

834.5221 5.85E-06 C39HesN11O9- | 834.52 5.85E-06 C39HesN10o- 834.5223 2.95E-06 C39HesN11Oo-
2

836.5379 2.85E-05 C39H70N11O9- | 836.53 2.85E-05 C30H70N1109- 836.5378 2.48E-05 C3oH70N1109-
8

860.5383 4.04E-06 Ca1H70N110o- | 860.53 4.04E-06 C41H70N1109- 860.5378 5.70E-06 C41H70N1109-
8

862.5535 6.67E-05 CaiH2N1Oo- | 862.55 6.67E-05 Ca1H72N1Oo- 862.5533 4.39E-05 Ca1tH72N1Og-
4

864.569 5.27E-05 Ca1H7aN1Oo- | 864.56 5.27E-05 Ca1H7aN11Oo- 864.569 5.02E-05 Ca1H7aN11Oo-
9

884.5378 1.04E-05 Ca3H7oN110o- | 884.53 1.04E-05 C43H70N1109- 884.538 9.11E-06 C43H70N1109-
8

886.5534 5.72E-05 Cs3H7N1Oo- | 886.55 5.72E-05 C43H72N1109- 886.5533 4.84E-05 C43H72N1100-
3

1063.689 7.41E-06 Cs1HoiN12012 1063.6 7.41E-06 Cs1HoiN12012- 1063.689 9.49E-06 Cs1HoiN12012-

- 9 1
1064.693 4.45E-06 Ca6Ho2N14O14 | 1064.6 4.45E-06 Ca6HoaN14014- 1064.692 6.38E-06 Ca6HoaN14014-
- 9 9

86.0609 7.24E-06 C4HsNO- 86.060 7.24E-06 C4HsNO- 86.0609 4.44E-06 C4HsNO-
9

100.0768 6.33E-06 CsHioNO- 100.07 6.33E-06 CsH1oNO- 100.0768 5.04E-06 CsH1oNO-
7

168.0905 4.80E-06 CsHi2N20»- 168.09 4.80E-06 CsH12N20,- 168.0904 2.90E-06 CsH12N202-
1

179.0826 9.86E-05 CoH11N20»- 179.08 9.86E-05 CoH11N202- 179.0826 6.70E-05 CoH11N202-
3

206.0935 2.79E-05 Ci10H12N30,- 206.09 2.79E-05 CooH32N30,S- 206.0935 1.96E-05 C10H12N30,-
4

222.0885 | 3.95E-06 CioHuN:Ox- | 222.08 | 3.95E:06 | CioHiuN:Ox- 222.0886 | 4.59E-06 | CioHiNsOx-
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2361041 | 4.626-06 CuHuN:Ox- | 23610 | 462606 | CiHuaN:Os- 2361042 | 3.056-06 | CiHiaNOs-
4
389.2099 4.38E-06 Ci6H31N504- 389.21 4.38E-06 Ci16H31N504S- 389.21 3.83E-06 Ci6H31N504S-
391.2257 5.78E-05 Ci6H33N504- 391.22 5.78E-05 C16H33N5048- 391.2257 5.62E-05 C16H33N5048-
6
405.2412 2.56E-06 C17H35N504- 405.24 2.56E-06 C17H35N5048S- 405.2412 3.99E-06 Ci17H35N504S-
1
417.2413 0.000107 CisH35N504- 417.24 0.000107 Ci18H35N504S- 417.2413 8.75E-05 CisH35N504S-
1
575.2234 | 2.14E-06 C27H20N9O6- 575.22 2.14E-06 C27H29N9Os- 575.2252 | 2.03E-06 C29H31N¢O7-
3
764.5165 9.58E-06 C33HesNsOs- 764.51 9.58E-06 C33HesNsOs- 575.2252 2.03E-06 C27H29N9Os-
7
772.53 1.10E-05 C36H70N9Oo- 772.53 1.10E-05 C36H70N9Oo- 764.517 2.02E-06 C33HesNsOs-
790.5202 2.99E-06 C39HesNoOs- 790.52 2.99E-06 C39HesN9Os- 772.5303 3.91E-06 C36H70N9Oo-
798.5342 | 2.86E-06 CaHoN1oOo- | 798.53 | 2.86E-06 | CarHzN1Oo- 798.5343 | 2.70E-06 | CarHroN1Os-
4
804.4966 1.32E-05 C37HeaN120s- | 804.49 1.32E-05 C37HeaN120s- 804.4968 4.04E-06 C37HeaN120s-
7
804.4966 1.32E-05 C36HesNsO12- | 804.49 1.32E-05 C36HesNsO12- 804.4968 4.04E-06 C36HesNsO12-
7
804.4966 | 132E-05 CoHoN11O1 | 80449 | 132605 | CoHeNiOn- | 8044968 | 4.04E-06 | CasHeNiOuwr-
; 7
806.4942 3.96E-06 C34HesN110o- | 806.49 3.96E-06 C34HesN1109S- 810.5819 4.82E-05 C40H76N9Os-
4
810.5815 1.06E-05 Ca0H76N9Os- 810.58 1.06E-05 Ca0H76N9Os- 812.523 3.99E-06 C36HesN1200-
2
812.5227 1.19E-05 C36HesN1209- | 812.52 1.19E-05 C36HesN1209- 813.5102 2.55E-06 C3sHeoNsO11-
3
813.5111 3.09E-06 CisHeoNsO11- | 813.51 3.09E-06 C33HeoNsO11- 814.5084 9.23E-06 C40He6N100s-
1
814.508 1.56E-05 CaoHesN100s- | 814.50 1.56E-05 C40HesN100s- 814.5084 9.23E-06 C37H70N1008S-
8
814.521 3.68E-06 C38H72N9Os- 814.52 3.68E-06 C338H72N9oOsS- 814.5214 3.29E-06 C33H72N9oOsS-
1
828.4966 2.39E-05 C39HeaN120s- | 828.49 2.39E-05 C3oHe4N120s- 828.4969 7.99E-06 C41He6N9Oo-
7
828.4966 2.39E-05 CisHesNsO12- | 828.49 2.39E-05 C33HesNsO12- 828.4969 7.99E-06 C30He4N120s-
7
828.4966 2.39E-05 C36HosN11011 828.49 2.39E-05 C36HeeN11O11- 828.4969 7.99E-06 C33HesNsO12-
- 7
8304942 | 6.65E-06 CxsHoNsOw- | 83049 | 6.656-06 | CxsHiNsOwS- | 8284969 | 7.99E-06 | CasHeeNiOuw-
4
830.4942 6.65E-06 Ci6HesN110o- | 830.49 6.65E-06 C36HesN1109S- 830.494 3.75E-06 CisH70NsO10S-
4
833.5188 1.55E-05 C3sH73NsO10- | 833.51 1.55E-05 C3sH73N3010S- 830.494 3.75E-06 C36HesN1109S-
9
834.5221 5.85E-06 C36H72N11Oo- | 834.52 5.85E-06 C36H72N1109S- 830.5212 2.86E-06 C37H70N10011-
2
850.4787 2.77E-05 Ca0HesNsO12- | 850.47 2.77E-05 C40He6NsO12- 833.5186 7.26E-06 C3sH73NsO10S-
9
850.4787 2.77E-05 Ci3sHeaN11011 850.47 2.77E-05 Ci3sHeaN11O11- 834.5223 2.95E-06 C36H72N1109S-
- 9
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852.4765 1.04E-05 CuoHesNsOio- | 852.47 1.04E-05 C40HesNsO10S- 850.4793 7.97E-06 C0He6NsO12-
7
852.4765 1.04E-05 C3sHeeN11Oo- | 852.47 1.04E-05 CisHesN1109S- 850.4793 7.97E-06 C3sHeaN1O11-
7
857.5186 5.15E-06 C40H73NsO10- | 857.51 5.15E-06 Ca0H73Ns010S- 852.4766 4.00E-06 Ca0HesNsO10S-
9
858.5216 1.88E-06 C41HesN11Oo- | 858.52 1.88E-06 C41HesN1109- 852.4766 | 4.00E-06 C3sHesN1100S-
2
859.5344 1.56E-05 CaoH7sNsO10- | 859.53 1.56E-05 C4oH75NsO10S- 857.5188 | 4.26E-06 Cao0H73NsO10S-
4
860.5383 4.04E-06 C3sH7aN110o- | 860.53 4.04E-06 C3sH7aN1100S- 858.5225 2.14E-06 C41HesN1109-
8
8625535 | 6.67E-05 CssHreNiOs- | 86255 | 6.67E05 | CxsHsNuOsS- | 858.5225 | 2.14E06 | CxsH7nNiOsS-
4
866.4528 1.72E-05 Cs1iHooN11O10 | 866.45 1.72E-05 Ca1HgoN1O10- 859.5347 1.07E-05 C40H75NsO10S-
- 3
868.4772 6.53E-06 C39HesNoO13- | 868.47 6.53E-06 C39H66N9O13- 860.5378 5.70E-06 C3sH7aN1109S-
7
868.4772 6.53E-06 C37HeaN12012 | 868.47 6.53E-06 C37HeaN12012- 862.5533 4.39E-05 CisH76N1109S-
- 7
870.475 3.78E-06 Ca2HaaNoOni- | 870.47 3.78E-06 Ca2HeaNoO11- 866.4526 6.51E-06 Ca1HeoN11O10-
5
870.475 3.78E-06 C30HesNoOni- | 870.47 3.78E-06 C39HesN9oO11S- 868.4768 3.72E-06 C39Hg6N9O13-
5
§70.475 | 3.78E-06 CHeeN2O1w | 87047 | 3.78E-06 | CyHeeN1OwS- | 868.4768 | 3.72E-06 | CyHeN12Om-
; 5
872.5005 4.61E-06 Cs1iHoeN11O10 | 872.50 4.61E-06 Ca1HeeN11O10- 870.4731 3.96E-06 C42HeaNoO11-
- 1
873.549 5.52E-06 C3oH7sN11Og- | 873.54 5.52E-06 C39H75N1109S- 870.4731 3.96E-06 Ca0He2N12010-
9
875.5662 8.44E-06 C3sH7sN12On | 875.56 8.44E-06 C33H7sN12011- 870.4731 3.96E-06 C37He6N12010S-
; 6
883.5339 | 2.72E-05 CaoH7NiOs- | 883.53 | 2.72E05 | CaHnNuOsS- | 872.503 | 1.46E-06 | CaH7NsOnS-
4
884.5378 1.04E-05 CaoH7aN11Oo- | 884.53 1.04E-05 Ca0H74N1100S- 872.503 1.46E-06 C3sH70N1010S-
8
886.5534 5.72E-05 CaoH76N110o- | 886.55 5.72E-05 CaoH76N1109S- 873.5481 4.32E-06 C39H75N1100S-
3
888.5693 6.03E-05 Ca3H7aN11Oo- | 888.56 6.03E-05 C43H74N1100- 875.5681 1.15E-05 C40H77N9O12-
9
888.5693 6.03E-05 CaoH7sN11Oo- | 888.56 6.03E-05 CaoH78N1109S- 875.5681 1.15E-05 C3sH75N12011-
9
890.4579 5.24E-06 Cs0HaaN11O10 | 890.45 5.24E-06 Ca0HeaN11010S- 884.538 9.11E-06 C40H7aN1109S-
- 8
890.585 2.33E-05 Ca3H7N11Oo- | 890.58 2.33E-05 C43H76N1109- 886.5533 4.84E-05 CaoH76N1109S-
5
906.4323 3.57E-06 Ca3HooN110o- | 906.43 3.57E-06 Ca3HeoN1109S- 888.5701 7.92E-05 CaoH78N1100S-
2
911.5663 1.35E-05 Cs1H7sN120n | 911.56 1.35E-05 C41H75N12011- 890.4553 1.10E-06 Ca0HeaN11010S-
- 6
912.5689 6.77E-06 CasH7aN11Oo- | 912.56 6.77E-06 C4sH74N1109- 890.5842 4.96E-05 Ca3H76N1109-
9
912.5689 6.77E-06 Ca2H7sN11Oo- | 912.56 6.77E-06 Ca2H7sN1109S- 901.5821 5.61E-06 CaoH77N12011-
9
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913.5809 1.38E-05 C4H7oN11Oo- | 913.58 1.38E-05 C12H79N1109S- 906.4315 1.77E-06 Ca3HeoN1109S-
1
914.5843 6.01E-06 CusH76N11Oo- | 914.58 6.01E-06 C4sH76N1109- 911.5667 1.85E-05 Cs1H7sN12011-
4
916.4588 1.65E-06 Ca3HesNoO11- | 916.45 1.65E-06 Ca3HeeN9O11S- 912.5715 1.77E-05 Ca2H7sN1109S-
9
916.4588 1.65E-06 C41HeaN12010 | 916.45 1.65E-06 C41HeaN12010S- 913.581 1.63E-05 Ca2H79N1109S-
- 9
930.4337 8.97E-06 CusHssN12On | 930.43 8.97E-06 Cu4HssN12011- 914.4594 | 2.30E-06 Cs1He2N12012-
- 4
932.4315 5.94E-06 Ca4HeoN1209- | 932.43 5.94E-06 Ca4HooN1200S- 914.5857 8.52E-06 Ca2HgoN1109S-
2
932.4315 5.94E-06 CsiHeeN11O12 | 932.43 5.94E-06 Ca1He2N11012S- 916.4589 2.06E-06 Ca43HeeN9O11S-
- 2
946.4135 3.39E-06 CaaHssN1201o | 946.41 3.39E-06 Ca4HssN12010S- 916.4589 2.06E-06 Ca41HeaN12010S-
- 4
968.4004 6.15E-06 C4sHsaN13012 | 968.4 6.15E-06 CasHs5aN13012- 930.4336 4.72E-06 Ca44H35sN12011-
970.3986 3.12E-06 CsoHsaN10O11 | 970.39 3.12E-06 CsoHs5aN10011- 932.4325 3.40E-06 Ca4HeoN1200S-
- 9
970.3986 3.12E-06 CasHs2N13010 | 970.39 3.12E-06 CasHs2N13010- 932.4325 3.40E-06 Ca1He2N1O12S-
- 9
970.3986 3.12E-06 CasHseN13O10 | 970.39 3.12E-06 CasHseN13010S- 946.4167 1.35E-06 CasHssN10O13-
- 9
970.3986 3.12E-06 Ca4HeoNoO14- | 970.39 3.12E-06 Ca4HeoN9O14S- 946.4167 1.35E-06 Ca3Hs56N13012-
9
970.3986 3.12E-06 CaHssN12013 | 970.39 3.12E-06 Ca2HssN12013S- 968.4005 3.23E-06 CasHs5aN13012-
- 9
984.3753 3.16E-06 CsoHs2N10O12 | 984.37 3.16E-06 Cs0Hs2N10012- 970.3985 1.11E-06 Cs0Hs4N10011-
- 5
984.3753 3.16E-06 CasHsoN13011 | 984.37 3.16E-06 CasHsoN13011- 970.3985 1.11E-06 CasHs2N13010-
- 5
984.3753 3.16E-06 CasHs2N1201s | 984.37 3.16E-06 CasH52N12014- 970.3985 1.11E-06 CasHseN13010S-
- 5
984.3753 3.16E-06 Ca2HsN12014 | 984.37 3.16E-06 Ca2HseN12014S- 970.3985 1.11E-06 Ca4HeoN9O14S-
- 5
1063.689 7.41E-06 Ca9HsoN15011 1063.6 7.41E-06 Ca9HgoN15011- 970.3985 1.11E-06 Ca2Hs5sN12013S-
- 9
1063.689 7.41E-06 Ca6Ho3N15011 1063.6 7.41E-06 Ca6Ho3sN15011S- 984.3744 1.99E-06 CasHs0N13011-
- 9
1064.693 | 4.45E-06 CaoHooNi:011 | 1064.6 | 445E-06 | CasHoNisOn- | 9843744 | 199E-06 | CasHsNOn-
- 9
9843744 | 1.99E-06 | CaHsoN12O1sS-
1063.689 9.49E-06 CaoHsoN15011-
1
1063.689 9.49E-06 Ca6Ho3sN15011S-
1
1064.692 6.38E-06 Ca9HooN15011-
9
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Table S 2. Peptide assignments from each of ApoE4 KI H4 samples.

ApoE4 KI1 ApoE4 KI2 ApoE4 KI3

Mass Normalize Chemical Mass Normalize Chemical Mass Normalize Chemical formula

d intensity formula d intensity formula d intensity
98.0611 | 8.52E-05 CsHsNO- 98.061 6.07E-05 CsHsNO- 98.061 7.15E-05 CsHsNO"
141.067 | 1.91E-04 CsHoN202 141.067 1.37E-04 CsHoN202 141.067 1.47E-04 CsHoN2O>
145.098 | 3.91E-06 CeH13N202 145.098 2.43E-06 CeH13N202 145.098 2.39E-06 CsHi3N202"
153.067 | 4.78E-04 C7HoN202 153.067 3.39E-04 C7HoN202 153.067 3.69E-04 C7H9N>Or
155.083 | 1.62E-04 C7HIuN202 155.083 1.21E-04 C7HIN202 155.082 1.26E-04 C7H1N202"
166.075 | 2.12E-06 CsHioN202" 166.075 1.48E-06 CsHioN202" 166.075 1.32E-06 CsHioN202"
167.083 | 1.58E-04 CsHiiN2Oy 167.082 1.22E-04 CsHiiN20y 167.082 1.27E-04 CsHiiN2Oy
169.098 | 7.72E-05 CsHi3N202 169.098 5.51E-05 CsHi3N202 169.098 5.75E-05 CsHisN0>
181.098 | 8.44E-05 CoH13N202 181.098 6.35E-05 CoH13N202 181.098 6.63E-05 CoH13N202
183.114 | 1.82E-05 CoHi5N202 183.114 1.49E-05 CoHi5N202 183.114 1.28E-05 CoHisN2O>
191.083 | 9.02E-06 CioH11N20y 191.083 6.69E-06 CioH11N20y 191.083 6.02E-06 CioH1iN20y
193.098 | 6.94E-06 C1oH13N202 193.098 4.09E-06 CioH13N202 193.098 4.38E-06 CioH13N202
194.093 | 2.49E-05 CoH12N302 194.093 1.64E-05 CoH12N302 194.093 1.72E-05 CoH12N302
195.077 | 1.11E-05 CoH11N2O3 195.077 8.09E-06 CoH1iN203 195.077 7.25E-06 CoH11N205
195.114 | 3.29E-05 C1oH1sN202 195.114 2.31E-05 CioH1sN202 195.114 2.46E-05 CioH1sN202
196.109 | 2.29E-05 CoH14N302 196.109 1.67E-05 CoH14N302 196.109 1.73E-05 CoH1aN302
197.13 3.41E-06 C1oH17N202 197.13 2.87E-06 CioH17N202 197.13 2.10E-06 CioH17N202
198.125 | 1.42E-05 CoH\6N302 198.125 1.01E-05 CoH\6N302 198.125 9.10E-06 CoH16N302"
200.14 3.66E-06 CoHsN302" 200.14 1.79E-06 CoH1sN302 200.141 2.47E-06 CoH1sN302"
207.078 | 2.64E-06 Ci1oH11N205 207.077 1.20E-06 CioH1uN203 207.078 1.09E-06 CioH1N205
208.109 | 2.21E-05 CioH14N302 208.109 1.81E-05 CioH14N302" 208.109 1.66E-05 C1oH14N302
209.093 | 4.37E-06 Ci1oH13N205 209.093 4.34E-06 CioH13N205 209.093 3.66E-06 CioH13N205
210.088 | 6.37E-05 CoH12N303° 210.088 5.04E-05 CoH12N305 210.088 4.59E-05 CoH12N305
210.125 | 1.10E-05 C1oH16N302 210.125 7.44E-06 CioH16N302 210.125 7.11E-06 CioH16N302
212.104 | 1.34E-05 CoH14N303° 212.104 9.88E-06 CoH14N303 212.104 9.78E-06 CoH14N303
212.14 1.08E-05 CioH1sN302" 212.14 6.35E-06 CioHisN302" 212.14 6.83E-06 CioH1sN302"
224.104 | 1.60E-05 C1oH14N305° 224.104 1.18E-05 C1oH14N303° 224.104 1.14E-05 CioH14N303°
226.12 1.03E-05 CioH16N305” 226.12 8.98E-06 CioH16N305° 226.12 6.97E-06 CioH16N303”
238.12 6.86E-06 C11H16N3O5 238.12 4.11E-06 CiiHi6N303 238.12 5.08E-06 Ci1Hi6N305
240.135 | 1.05E-05 CiHisN3Os 240.135 8.98E-06 CiiHisN3Os 240.135 7.52E-06 CiHisN3Os
252.136 | 3.13E-06 C12Hi1sN305° 252.135 1.98E-06 C12Hi1sN305° 252.135 1.95E-06 C12H1sN305
266.151 | 1.81E-06 C13H20N305° 266.151 2.11E-06 C13H20N305 266.151 1.50E-06 Ci3H20N303
267.146 | 9.75E-07 C12H19N4O5 267.146 4.35E-07 C12H19N4O5 267.146 7.25E-07 C12H19N4O5
297.157 | 1.55E-06 Ci3H21N4O4 297.157 1.59E-06 Ci3H21N4O04 297.157 1.14E-06 Ci3H21N4O4
553.279 | 6.13E-06 C2sH37N6O6” 553.279 8.60E-06 CasH37N6O6” 553.279 4.34E-06 C23H37N6O6”
562.255 | 1.76E-06 C29H34N6Os 562.255 9.41E-07 C29H34N6O6 562.255 1.25E-06 C29H34N6O6™
571.289 | 1.23E-06 CasH30N6O7 571.289 1.71E-06 C2sH39N6O7 571.289 9.82E-07 C2sH39N6O7
579.294 | 2.27E-05 C30H39N6O6” 579.294 3.85E-05 C30H39N6O6” 579.294 1.44E-05 C30H30N6O6”
580.298 | 3.89E-06 CasH40NsOs™ 580.298 6.45E-06 C25H4oNsOs™ 580.298 2.53E-06 C25H4oNsOs™
581.31 4.61E-05 C30H41N6Os 581.31 5.67E-05 C30H41N6Os 581.31 3.35E-05 C30H41N6Os
582.313 | 8.25E-06 CasH4oNgOs™ 582.313 1.09E-05 C25H42NsOs™ 582.313 6.59E-06 C25sH42NsOs™
597.305 | 4.68E-06 C30H41N6O7 597.305 7.61E-06 C30H41N6O7 597.305 3.09E-06 C30H41N6O7
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599.321 | 1.30E-05 C30H43N6O7 599.32 1.72E-05 C30H43N6O7 599.321 1.05E-05 C30Ha3N6O7
834.522 | 8.78E-07 C3oHesN1109™ 834.522 1.31E-06 C3oHesN1109” 834.522 5.53E-07 C30HesN1109™
836.538 | 6.23E-06 C30H70N1109" 836.538 9.25E-06 C30H70N1109" 836.538 4.63E-06 C30H70N1109”
860.538 | 1.05E-06 C41H70N1109™ 860.538 9.51E-07 C41H70N1109™ 860.537 1.14E-06 C41H70N1109™
862.554 | 1.52E-05 Ca1H72N110y 862.554 2.97E-05 C41H72N1109" 862.554 8.61E-06 C41H72N1109”
864.57 1.47E-05 CaH7aN1Oy 864.569 2.20E-05 C41H7aN1109™ 864.57 9.45E-06 C41H74N1109”
884.538 | 3.34E-06 Ca3H70N110y" 884.538 3.80E-06 C43H70N1109" 884.538 3.66E-06 C43H70N1109”
886.554 | 1.74E-05 Cus3H72N109™ 886.553 1.94E-05 C43H72N10g” 886.554 1.57E-05 Cu3H72N110y”
1063.69 | 3.03E-06 Cs1HoiN 12012 1063.69 2.49E-06 Cs1HoiN 12012 1063.69 2.72E-06 Cs1Ho1N 12012
1064.69 1.57E-06 Ca6HoaN14014” 1064.69 1.25E-06 Ca6HoaN14014” 1064.69 9.02E-07 Ca6HoaN14014”
86.0609 | 3.33E-06 C4HsNO" 86.0609 1.82E-06 C4HsNiOr 86.0609 1.70E-06 C4HsNO”
100.077 | 3.05E-06 CsHioNO" 100.077 2.06E-06 CsHioN1Or 100.077 2.20E-06 CsHioNO"
143.083 1.73E-06 CeH11N202" 140.059 4.02E-07 CeHsN202" 143.083 1.06E-06 CsH11N20>
154.075 | 6.91E-07 C7H10N202" 143.083 1.30E-06 CeHiiN2O> 154.075 4.82E-07 C7H10N202
157.098 1.95E-06 C7H13N202" 154.075 4.02E-07 C7H10N202" 157.098 1.21E-06 C7H13N202
168.09 1.06E-06 CsH12N202" 157.098 1.24E-06 C7H13N202" 168.09 8.22E-07 CsH12N202"
171.114 1.63E-06 CsHisN2Oy 171.114 8.12E-07 CsHisN2Oy 171.114 9.05E-07 CsHisN2Oy
173.039 1.02E-06 CsHoN202S 173.039 5.46E-07 CsHoN202S 173.039 7.16E-07 C6HoN202S
179.083 | 2.44E-05 CoHiiN20O> 179.082 1.86E-05 CoHiN202S8 179.083 1.84E-05 CoH11N20>
180.09 5.37E-07 CoH12N202" 185.039 4.50E-07 C7HoN202S 180.09 4.53E-07 CoH12N202"
185.039 1.02E-06 C7HoN2028 197.093 6.04E-07 CoH13N203 185.039 1.02E-06 C7HoN202S
197.093 | 9.39E-07 CoHi3N203" 206.093 4.55E-06 CioH12N302" 197.093 7.50E-07 CoH13N203"
206.093 | 6.80E-06 CioH12N302" 211.109 6.20E-07 CioH1sN205 206.093 4.68E-06 CioH12N302"
211.109 | 5.58E-07 CioH15sN203 222.088 1.22E-06 CioH12N3058" 211.096 5.93E-07 CoH13N305°
214.12 5.51E-07 CoH16N303” 230.073 6.69E-07 CoH14N203S" 214.156 4.67E-07 CioH20N302"
214.156 | 5.27E-07 Ci10H20N302 236.104 9.24E-07 C11H1aN30s8 222.088 1.66E-06 CioH12N305
222.088 1.76E-06 CioH12N305 240.082 8.31E-07 CioH14N3028" 236.104 8.20E-07 C1iH1aN303
236.104 | 1.38E-06 CiHuuN3O5 242.061 4.99E-07 CoHi12N3038” 240.082 9.45E-07 Ci10H14N3028"
240.057 | 6.79E-07 CioH12N203S8" 244.077 8.31E-07 CoH1aN303S8 254.151 1.05E-06 C12H20N305
240.082 1.12E-06 Ci0H1aN3028" 250.12 6.37E-07 Ci2H16N305 269.162 7.91E-07 C12H21N4O5
244.077 | 6.09E-07 CoH1aN3038 254.151 1.15E-06 C12H20N305° 281.126 5.30E-07 Ci2Hi7N4O4
250.12 7.38E-07 Ci2H16N305 260.104 4.41E-07 C13H1aN3O5 281.162 6.37E-07 Ci3H21N4O5
254.151 9.64E-07 Ci2H20N305 265.131 4.01E-07 C12H17N4O5 283.141 7.90E-07 Ci2H19N4Os
258.092 | 6.22E-07 Ci10H16N303S8 269.162 6.16E-07 Ci2H21N4O5” 283.178 6.59E-07 C13H23N4O5
269.162 | 8.58E-07 C12H21N4O5 280.167 4.43E-07 C14H2N305° 295.141 5.41E-07 Ci3H19N4Os
274.12 9.27E-07 Ci14H16N303 281.126 4.21E-07 Ci2H17N4O4 328.236 6.57E-07 Ci5sH30N505°
279.146 | 5.53E-07 Ci3H19N4O3 281.162 8.73E-07 Ci3H21N4O5 389.21 1.17E-06 Ci6H31N5048
280.167 | 6.12E-07 C14H22N305 283.141 1.07E-06 C12H19N4O4 391.226 1.49E-05 Ci6H33N5048"
281.126 | 8.59E-07 C12H17N4O4 283.178 7.33E-07 Ci13H23N4O5° 405.241 1.26E-06 C17H35N5048"
281.162 | 8.02E-07 Ci3H21N4O5 295.141 6.08E-07 Ci3H19N4O4 415.226 9.31E-07 CisH33N5048
283.141 1.30E-06 C12H19N4O4 311.173 7.26E-07 C14H23N4O4 417.241 3.11E-05 CisH35N5048"
283.178 1.32E-06 Ci3H23N405 323.173 4.21E-07 Ci5H23N4O4 436.256 4.59E-07 C21H34NsOs
295.141 | 7.53E-07 Ci3H19N4O4 328.236 8.62E-07 CisH30NsO5” 439.187 6.40E-07 C22H2sNs0s™
309.157 | 5.79E-07 Ci14H21N4O4 389.21 2.42E-06 Ci6H31N504S" 439.226 6.29E-07 C20H33N5048
311.173 | 6.42E-07 Ci14H23N4O4 391.226 2.42E-05 Ci6H33N504S8 445.273 5.21E-07 C20H39N504S
323.173 | 5.56E-07 Ci5H23N4O4 405.241 1.21E-06 C17H35N5048° 465.167 6.61E-07 C23H23N506
389.21 1.57E-06 Ci6H31N504S" 410.24 4.01E-07 CioH32Ns0s™ 583.316 7.35E-07 C26HasN706S”
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391.226 | 1.96E-05 C16H33N5048" 415.226 1.60E-06 CisH33N5048" 655.221 5.74E-07 C30H35N609S”
405.241 1.39E-06 Ci17H35N504S8" 417.241 6.56E-05 Ci8H3sN5048" 673.232 1.95E-06 C33H35N7078°
415.226 | 8.67E-07 CisH33N504S8" 431.257 4.03E-07 C1oH37N5048" 812.514 7.39E-07 C37HesN10010”
417.241 | 4.68E-05 CisH3sNs5048° 437.171 5.49E-07 C22H23Ns0s5 833.519 1.41E-06 C3sH73N30108"
436.256 | 7.95E-07 C21H34NsO5 439.225 6.09E-07 C20H33N5048" 834.522 5.53E-07 C36H72N1109S
438.271 | 2.99E-06 C21H36Ns0s™ 441.241 4.56E-07 C20H35N5048° 835.284 8.77E-07 C37H43N10011S”
441.241 8.12E-07 C20H35N504S" 445.272 1.07E-06 C20H39N5048" 847.43 7.01E-07 C33HsoN100127
445273 | 5.66E-07 C20H39N5048" 575.23 4.40E-07 C26H35N6O7S" 857.519 1.12E-06 C4oH73N30108"
575.214 | 5.54E-07 CasH2oN707 583.316 1.09E-06 C26HasN706S 858.521 6.17E-07 C41HesN1109™
583.316 1.17E-06 C26H4sN706S 583.325 4.67E-07 C30H43N6O6" 859.535 2.14E-06 Ca0H75NsO10S
601.278 | 1.19E-06 C24H41NsOsS” 601.278 1.22E-06 C24H41NsOsS” 859.535 2.14E-06 C37H7iN1201r
603.294 | 8.00E-07 C24H43NsO0sS” 603.294 7.74E-07 C24H43Ns0sS" 860.339 4.21E-07 C44Ha6NoO10°
671.216 | 6.68E-07 Cs3H33N7078 605.31 4.34E-07 C24H4sNsOsS” 860.339 4.21E-07 Ca1Hs50N9O10S
671.216 | 6.68E-07 C30H35sN6O10S 607.326 4.43E-07 C24H47Ns0sS" 860.339 4.21E-07 C39HasN1200S
673.232 1.93E-06 Cs33H3sN707S 673.231 1.79E-06 C33H3sN7078 860.357 1.51E-06 C41Hs50NoO12”
729.257 | 4.93E-07 C34H37N1007S 673.231 1.79E-06 C30H37N6O10S 860.357 1.51E-06 C39H4sN120117
826.502 | 8.79E-07 C36He6N12010° 812.511 4.63E-07 C37HesN10010° 860.38 1.29E-06 C3oHs0N13010°
833.519 | 2.28E-06 Cs3sH73N3010S 812.525 4.86E-07 C33H70N9O10" 860.397 7.00E-07 Ca2Hs5aNoO11™
834.522 | 8.78E-07 C36H72N1109S" 812.525 4.86E-07 C36HesN1209” 860.397 7.00E-07 C39Hs5sNoO11S
835.284 | 8.81E-07 C37Ha3N10011S 833.519 3.79E-06 C3sH73N3010S 860.397 7.00E-07 C37H56N12010S8”
840.494 | 7.21E-07 C37He6N11O11 834.522 1.31E-06 C36H72N110oS” 860.431 8.01E-07 Ca3HssNoO1o”
840.527 | 9.01E-07 C39H72N100sS 835.284 8.20E-07 C37Ha3N10011S 860.431 8.01E-07 C41Hs6N1209"
847.431 7.98E-07 C3sHs59oN10012” 845.415 4.29E-07 Cs3sHs7N10012” 861.43 4.88E-07 C39H61N10010S”
849.551 | 1.10E-06 C36H7N 12011 847.43 9.34E-07 C33HsoN100127 862.554 8.61E-06 C33H76N1100S
857.52 1.91E-06 Ca0H73N3010S 850.552 4.86E-07 CaoH72N1 Oy 873.549 5.72E-07 C39H75N1109S
857.52 1.91E-06 C37HeN 12011 857.519 1.48E-06 Ca0H73N3010S 876.569 4.48E-07 Ca2H7aN11O0o
858.524 | 8.02E-07 C40H7aNgO10S 858.523 5.09E-07 C41HesN1109™ 884.538 3.66E-06 Ca0H7aN1109S
858.524 | 8.02E-07 C3sH72N110oS” 858.523 5.09E-07 C3sH72N110oS” 886.554 1.57E-05 Ca0H76N1109S
859.535 | 2.30E-06 Ca40H75sNsO10S 859.534 3.93E-06 CaoH75NsO10S” 887.566 1.88E-05 C3oH7sN 12011
859.535 | 2.30E-06 C37H7N12O1r 860.538 9.51E-07 C3gH7aN11OoS” 888.569 8.29E-06 Ca3H7aN110o
860.538 1.05E-06 C3sH7aN109S" 862.554 2.97E-05 CisH76N1109S 888.569 8.29E-06 Ca0H7sN1109S
862.554 | 1.52E-05 C3sH76N1109S" 871.43 4.68E-07 CaoHsoN10012 889.571 3.99E-07 C4oH77N10012”
873.551 6.13E-07 C3sH73N 12011 871.57 7.06E-07 Ca4oH77N110sS” 889.582 3.57E-06 C39H77N 12011
876.57 6.60E-07 C42H7aN110y 875.565 2.38E-06 C39H77N 11098 892.6 4.96E-07 Cu3H78N1109”
884.538 | 3.34E-06 CaoH7aN1100S" 876.57 1.14E-06 Ca2H7aN11Oy 901.582 8.88E-07 CaoH77N 12011
886.554 | 1.74E-05 CaoH76N1109S" 884.538 3.80E-06 CaoH7aN 11098 902.585 6.09E-07 CusH76N1109”
887.566 | 2.36E-05 C39H75N 12011 886.553 1.94E-05 CaoH76N1109S 902.585 6.09E-07 Ca1HsoN1109S
888.57 1.01E-05 Ca3H7aN11Oy 888.569 1.22E-05 Ca3H7aN11Oy 909.551 3.23E-06 Ca1H73N 12011
888.57 1.01E-05 CaoH7sN1109S" 888.569 1.22E-05 CaoH7sN 11098 910.554 1.40E-06 CusH72N110g™
889.582 | 6.45E-06 C39H77N 12011 890.585 6.10E-06 Ca3H76N1Oy 910.554 1.40E-06 Ca2H76N1109S
890.585 | 3.36E-06 Ca3H76N110y” 892.6 8.78E-07 C43H7sN1109” 911.566 4.74E-06 Ca1H7sN 12011
892.6 4.88E-07 C43H7sN1109” 902.584 6.42E-07 Ca4H76N11Oy 912.57 2.44E-06 CasH7aN11O0o
901.582 | 7.63E-07 CasoH77N 12011 907.535 4.25E-07 CatHnN1201 912.57 2.44E-06 C42H78N1109S”
902.585 | 5.49E-07 CasH76N110y" 910.553 2.36E-06 CusH72N110g™ 914.584 1.24E-06 CusH76N1109™
902.585 | 5.49E-07 Ca1HsoN1100S" 912.569 2.99E-06 C4sH74N1109” 915.596 5.93E-07 Ca2HsiN1109S
910.554 | 1.99E-06 Ca2H76N1109S" 912.569 2.99E-06 Ca2H7sN 11098 1063.69 2.72E-06 Ca6HosN15011S
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911.566 | 5.91E-06 Ca1H7sN 12011 914.585 1.84E-06 CasH76N11Oy 1064.69 9.02E-07 Ca9HooN 15011

912.57 2.52E-06 CasH7aN11Oy 914.585 1.84E-06 Ca2HgoN11090S 1123.72 1.32E-06 Cs3HosN 130118

912.57 2.52E-06 Ca2H7sN1109S 915.596 8.05E-07 Ca2HgiN11090S 1124.34 6.12E-07 Cs4HsoN11017

914.585 1.61E-06 CasH76N11Oy 1063.69 2.49E-06 Ca9HgoN15011” 1124.34 6.12E-07 Ca9H52N14016S”

914.585 1.61E-06 Ca2HgoN1109S 1063.69 2.49E-06 Ca6HosN15011S 1124.4 4.70E-07 CssHsaN13012°

915.595 | 7.83E-07 Ca2HgiN1109S 1124.4 4.70E-07 CssHseN12015°

1063.69 | 3.03E-06 Ca9HgoN15011” 1124.4 4.70E-07 Cs3Hs5aN15014”

1063.69 | 3.03E-06 Ca6Ho3sN15011S 1124.4 4.70E-07 Cs2HeoN12015S”

1064.69 | 1.57E-06 Ca9HooN 15011 1124.4 4.70E-07 Cs0HssN15014S”
Table S 3. The enrichment analysis of up-regulated proteins:

category description FDR value

GO Biological Process ~ Organonitrogen compound biosynthetic process 1.47E-25

GO Biological Process ~ Amide biosynthetic process 2.37E-25

GO Biological Process  Cellular nitrogen compound metabolic process 1.11E-23

GO Biological Process  Cellular nitrogen compound biosynthetic process 1.11E-23

GO Biological Process  Translation 1.28E-23

GO Biological Process  Cellular amide metabolic process 1.71E-23

GO Biological Process  Cellular amino acid metabolic process 3.30E-20

GO Biological Process  tRNA metabolic process 4.61E-20

GO Biological Process  Carboxylic acid metabolic process 4.61E-20

GO Biological Process  Organic substance biosynthetic process 4.61E-20

GO Biological Process ~ Oxoacid metabolic process 8.57E-20

GO Biological Process  Cellular biosynthetic process 1.96E-19

GO Biological Process  Cellular metabolic process 3.99E-19

GO Biological Process ~ Small molecule metabolic process 8.60E-18

GO Biological Process ~ Metabolic process 9.69E-18

GO Biological Process  Primary metabolic process 3.05E-17

GO Biological Process  tRNA aminoacylation for protein translation 1.58E-15

GO Biological Process  ncRNA metabolic process 1.58E-15

GO Biological Process  Organic substance metabolic process 1.58E-15

GO Biological Process  Organic cyclic compound metabolic process 1.76E-14

GO Biological Process  Heterocycle metabolic process 6.16E-14

GO Biological Process ~ Mitochondrial gene expression 6.28E-14

GO Biological Process  Nitrogen compound metabolic process 1.01E-13

GO Biological Process ~ Gene expression 3.72E-13

GO Biological Process  Cellular aromatic compound metabolic process 5.43E-13

GO Biological Process  Nucleobase-containing compound metabolic process 1.89E-11

GO Biological Process  Mitochondrial translation 3.57E-11

GO Biological Process  Cellular macromolecule biosynthetic process 1.54E-10

GO Biological Process  Organonitrogen compound metabolic process 6.16E-10

GO Biological Process  Alpha-amino acid metabolic process 1.40E-08

GO Biological Process ~ RNA metabolic process 4.24E-07

GO Biological Process ~ Mitochondrial translational elongation 6.56E-07
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GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process

Mitochondrial translational termination

tRNA processing

Nucleotide biosynthetic process

Nucleotide metabolic process

Organic cyclic compound biosynthetic process
ncRNA processing

Heterocycle biosynthetic process
Alpha-amino acid biosynthetic process
Tricarboxylic acid cycle

Nucleobase metabolic process

Nucleic acid metabolic process

Glutamine family amino acid metabolic process
Ribose phosphate biosynthetic process
Aromatic compound biosynthetic process
Dicarboxylic acid metabolic process
Regulation of translation

Purine nucleotide metabolic process

Ribose phosphate metabolic process
Oxidation-reduction process

Small molecule biosynthetic process
Posttranscriptional regulation of gene expression
Purine nucleotide biosynthetic process
Organophosphate metabolic process

Cellular protein metabolic process

Carboxylic acid biosynthetic process
Macromolecule metabolic process
Mitochondrial RNA metabolic process
Organophosphate biosynthetic process
Nucleobase biosynthetic process

tRNA modification

Cellular macromolecule metabolic process
Cellular process

Nucleobase-containing compound biosynthetic process
Ribonucleotide biosynthetic process

RNA processing

Ribonucleotide metabolic process

Serine family amino acid metabolic process
Mitochondrial tRNA processing

Carboxylic acid catabolic process
Tricarboxylic acid metabolic process
Translational initiation

Pyrimidine nucleobase metabolic process
Arginine metabolic process

Glutamine family amino acid biosynthetic process
glutaminyl-tRNA aminoacylation
isoleucyl-tRNA aminoacylation

Ribosome biogenesis

Tetrahydrofolate metabolic process

Glutamine metabolic process
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7.00E-07
7.11E-07
1.56E-06
1.78E-06
2.90E-06
3.73E-06
5.77E-06
1.01E-05
1.25E-05
1.86E-05
2.32E-05
2.72E-05
6.83E-05
1.20E-04
1.70E-04
2.60E-04
2.80E-04
2.80E-04
3.10E-04
3.30E-04
3.40E-04
4.10E-04
4.60E-04
5.80E-04
5.80E-04
6.10E-04
6.20E-04
8.00E-04
0.001
0.0014
0.0015
0.0021
0.0022
0.0036
0.0052
0.0068
0.0081
0.0098
0.01
0.0115
0.0147
0.0157
0.0157
0.0157
0.0196
0.0196
0.0196
0.02
0.0292



GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
KEGG Pathways
KEGG Pathways
KEGG Pathways
KEGG Pathways
KEGG Pathways
KEGG Pathways
KEGG Pathways
KEGG Pathways
KEGG Pathways
KEGG Pathways
KEGG Pathways

Alpha-amino acid catabolic process
Purine nucleobase metabolic process
Small molecule catabolic process
CUT catabolic process
Aminoacyl-tRNA biosynthesis
Metabolic pathways

Citrate cycle (TCA cycle)
Biosynthesis of amino acids
Carbon metabolism
2-Oxocarboxylic acid metabolism
One carbon pool by folate

RNA transport

Antifolate resistance

Ribosome

Alanine, aspartate and glutamate metabolism

0.0292
0.0322
0.0443
0.0443
5.31E-16
1.70E-10
6.31E-08
1.50E-05
2.40E-04
0.0092
0.0104
0.0104
0.0247
0.0247
0.0321

Table S 4. The enrichment analysis of down-regulated proteins:

category description FDR value
GO Biological Process RNA splicing 7.47E-13
GO Biological Process RNA processing 5.59E-12
GO Biological Process Gene expression 1.59E-11
GO Biological Process mRNA processing 2.33E-11
GO Biological Process mRNA metabolic process 2.33E-11
GO Biological Process RNA splicing, via transesterification reactions 1.91E-10
GO Biological Process RNA metabolic process 5.37E-10
GO Biological Process Heterocycle metabolic process 3.11E-09
GO Biological Process Nucleobase-containing compound metabolic process 3.49E-09
GO Biological Process mRNA splicing, via spliceosome 3.52E-09
GO Biological Process Macromolecule metabolic process 9.00E-09
GO Biological Process Cellular aromatic compound metabolic process 1.09E-08
GO Biological Process Cellular nitrogen compound metabolic process 1.09E-08
GO Biological Process Nucleic acid metabolic process 1.14E-08
GO Biological Process Cellular metabolic process 2.07E-08
GO Biological Process Organic cyclic compound metabolic process 9.36E-08
GO Biological Process Nitrogen compound metabolic process 1.14E-07
GO Biological Process Metabolic process 4.16E-07
GO Biological Process Organic substance metabolic process 1.20E-06
GO Biological Process Primary metabolic process 2.84E-06
GO Biological Process Regulation of mRNA processing 9.87E-05
GO Biological Process Cellular component organization or biogenesis 2.60E-04
GO Biological Process Establishment of localization in cell 2.60E-04
GO Biological Process Ribonucleoprotein complex export from nucleus 5.40E-04
GO Biological Process Cellular process 5.40E-04
GO Biological Process Cellular localization 6.30E-04
GO Biological Process Cellular macromolecule metabolic process 6.30E-04
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GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
GO Biological Process
KEGG Pathways

KEGG Pathways

KEGG Pathways

Establishment of protein localization
Intracellular transport

Nucleus organization

mRNA export from nucleus

Protein transport

Organelle organization

mRNA transport

Intracellular protein transport

RNA localization

Regulation of mRNA metabolic process
Cellular component organization
Nucleobase-containing compound transport
RNA transport

Vesicle-mediated transport

Cellular protein localization

Positive regulation of organelle organization
Nucleocytoplasmic transport

Protein localization

Regulation of organelle organization

Transcription elongation from RNA polymerase II promoter

Vesicle organization

Regulation of RNA splicing

Cellular protein metabolic process
Nitrogen compound transport
Protein-containing complex localization
Viral life cycle

Regulation of mRNA 3-end processing
ncRNA metabolic process

Regulation of histone H3-K4 methylation
Regulation of histone methylation
Golgi vesicle transport

Regulation of intracellular transport
Symbiotic process

Protein-containing complex subunit organization
Multivesicular body organization
Endosome organization

Protein K48-linked ubiquitination
Regulation of protein transport
Intracellular transport of virus
Spliceosome

Endocytosis

RNA transport

6.30E-04
6.30E-04
7.00E-04
7.20E-04
0.0016
0.0017
0.0018
0.0019
0.0023
0.0023
0.0023
0.0032
0.0033
0.0037
0.0037
0.0049
0.0049
0.0052
0.0056
0.0068
0.007
0.0075
0.0075
0.0079
0.0125
0.019
0.0237
0.0266
0.0266
0.0281
0.0325
0.033
0.033
0.0337
0.0365
0.0384
0.0411
0.0434
0.0439
6.00E-04
0.0054
0.0062
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Table S 5. The GO analysis for OrbiSIMS signatures.

GO_ID GO_DESC GO_LINKED_C GO_LINKED_COMP INPUT_CO OVE PVALUE_HY PVALUE _

RIPTION OMPOUNDS OUNDS_TOTAL MPOUNDS RLAP | PER_RAW ADJ_FDR
GO:00464 | L-cysteine 23 2212 15 4 1.126E-05 0.00059592
39 metabolic

process
GO:00194 | L-cysteine 23 2212 15 4 1.126E-05 0.00059592
48 catabolic

process
GO:00090 | cysteine 23 2212 15 4 1.126E-05 0.00059592
93 catabolic

process
GO:00000 | sulfur amino | 35 2212 15 4 6.3452E-05 0.00218276
98 acid

catabolic

process
GO:00090 | serine 55 2212 15 4 0.00038133 0.0093697
71 family

amino acid

catabolic

process
GO:00065 | cysteine 59 2212 15 4 0.00050071 0.01023947
34 metabolic

process
GO:00701 | tRNA 26 2212 15 3 0.00059779 0.01028206
27 aminoacylat

ion for

mitochondri

al  protein

translation
GO:00430 | amino acid | 69 2212 15 4 0.00091342 0.01047384
38 activation
GO:00065 | glutamate 29 2212 15 3 0.00082988 0.01047384
38 catabolic

process
GO:00164 | protein 67 2212 15 4 0.00081643 0.01047384
85 processing
GO:00430 | tRNA 69 2212 15 4 0.00091342 0.01047384
39 aminoacylat

ion
GO:00064 | tRNA 64 2212 15 4 0.00068504 0.01047384
18 aminoacylat

ion for

protein

translation
GO:00064 | protein 37 2212 15 3 0.00170785 0.01546057
97 lipidation
GO:00193 | pyridine 50 2212 15 3 0.00408472 0.02509188
63 nucleotide

biosynthetic

process
GO:00094 | NAD 50 2212 15 3 0.00408472 0.02509188
35 biosynthetic
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process

GO:00193 | nicotinamid 50 2212 15 3 0.00408472 0.02509188
59 e nucleotide
biosynthetic
process
GO:00193 | leukotriene 49 2212 15 3 0.00385541 0.02509188
70 biosynthetic
process
Table S 6. The GO analysis for LC-MS signatures.
GO_I GO_DESCRIPTI GO_LINKED _ GO_LINKED_COM INPUT_CO OVE PVALUE_H PVALUE _
D ON COMPOUNDS POUNDS_TOTAL MPOUNDS RLA YPER_RAW ADJ_FDR
P
GO:00 | pyridine- 34 2212 28 7 9.9703E-08 7.6373E-06
72526 containing
compound
catabolic process
GO:00 | pyridine- 181 2212 28 12 6.001E-07 3.8307E-05
72524 containing
compound
metabolic process
GO:00 | L-cysteine 23 2212 28 5 6.4327E-06 0.00020531
46439 metabolic process
GO:00 | L-cysteine 23 2212 28 5 6.4327E-06 0.00020531
19448 catabolic process
GO:00 | cysteine catabolic | 23 2212 28 5 6.4327E-06 0.00020531
09093 process
GO:00 | cellular amino acid | 234 2212 28 12 9.697E-06 0.00025306
08652 biosynthetic
process
GO:00 | purine 43 2212 28 6 1.0333E-05 0.00025306
06166 ribonucleoside
salvage
GO:00 | glutamine family | 161 2212 28 10 1.3214E-05 0.00028116
09064 amino acid
metabolic process
GO:00 | sulfur amino acid | 99 2212 28 8 1.7958E-05 0.0003439
00096 metabolic process
GO:00 | nucleobase- 80 2212 28 7 3.9862E-05 0.00056545
34656 containing  small
molecule catabolic
process
GO:00 | purine-containing 55 2212 28 6 4.4283E-05 0.00060573
43101 compound salvage
GO:00 | sulfur amino acid | 35 2212 28 5 5.5875E-05 0.00069032
00098 catabolic process
GO:00 | cysteine metabolic | 59 2212 28 6 6.648E-05 0.000724
06534 process
GO:00 | deoxyadenosine 37 2212 28 5 7.3723E-05 0.000724
46090 metabolic process
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GO:00 deoxyinosine 37 2212 28 7.3723E-05 0.000724
46094 metabolic process
GO:00 inosine metabolic | 37 2212 28 7.3723E-05 0.000724
46102 process
GO:00 | purine 37 2212 28 7.3723E-05 0.000724
46124 deoxyribonucleosi

de catabolic

process
GO:00 inosine catabolic | 37 2212 28 7.3723E-05 0.000724
06148 process
GO:00 | deoxyinosine 37 2212 28 7.3723E-05 0.000724
06149 catabolic process
GO:00 | deoxyadenosine 37 2212 28 7.3723E-05 0.000724
06157 catabolic process
GO:00 | nucleoside salvage | 61 2212 28 8.0515E-05 0.00075213
43174
GO:00 | purine nucleobase | 20 2212 28 8.6711E-05 0.00079073
43096 salvage
GO:00 | glutamate 93 2212 28 0.00010638 0.00083152
06536 metabolic process
GO:00 | purine nucleoside | 64 2212 28 0.00010592 0.00083152
42451 biosynthetic

process
GO:00 | ribonucleoside 64 2212 28 0.00010592 0.00083152
42455 biosynthetic

process
GO:00 | purine 64 2212 28 0.00010592 0.00083152
46129 ribonucleoside

biosynthetic

process
GO:00 | purine 39 2212 28 9.5687E-05 0.00083152
46130 ribonucleoside

catabolic process
GO:00 | cellular metabolic | 95 2212 28 0.00012198 0.00090138
43094 compound salvage
GO:00 | purine nucleoside | 41 2212 28 0.00012238 0.00090138
06152 catabolic process
GO:00 | purine 41 2212 28 0.00012238 0.00090138
46122 deoxyribonucleosi

de metabolic

process
GO:00 | GMP salvage 22 2212 28 0.00012865 0.00092087
32263
GO:00 | nucleoside 67 2212 28 0.00013736 0.00095652
09164 catabolic process
GO:00 | purine nucleobase | 43 2212 28 0.00015447 0.00103791
09113 biosynthetic

process
GO:00 | GMP biosynthetic | 45 2212 28 0.00019265 0.00125058
06177 process
GO:00 | purine 105 2212 28 0.00023061 0.00147208
46128 ribonucleoside

metabolic process
GO:00 | xanthine metabolic | 26 2212 28 0.0002539 0.00154356
46110 process
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GO:00 | adenosine 26 2212 28 0.0002539 0.00154356
06154 catabolic process
GO:00 | ribonucleoside 48 2212 28 0.00026299 0.00154961
42454 catabolic process
GO:00 | deoxyribonucleosi | 48 2212 28 0.00026299 0.00154961
46121 de catabolic

process
GO:00 | adenine metabolic | 27 2212 28 0.00029547 0.00164116
46083 process
GO:01 | purine 27 2212 28 0.00029547 0.00164116
06380 ribonucleotide

salvage
GO:00 | AMP salvage 27 2212 28 0.00029547 0.00164116
44209
GO:00 | ribonucleoside 110 2212 28 0.00030887 0.00168997
09119 metabolic process
GO:00 | purine 78 2212 28 0.00032127 0.00170895
09155 deoxyribonucleoti

de catabolic

process
GO:00 | AMP biosynthetic | 50 2212 28 0.00031976 0.00170895
06167 process
GO:00 | purine nucleoside | 111 2212 28 0.00032684 0.0017148
42278 metabolic process
GO:00 | nucleobase- 81 2212 28 0.00039546 0.0019929
34404 containing  small

molecule

biosynthetic

process
GO:00 | nucleoside 81 2212 28 0.00039546 0.0019929
09163 biosynthetic

process
GO:00 | purine 53 2212 28 0.00042184 0.00207133
09168 ribonucleoside

monophosphate

biosynthetic

process
GO:00 | serine family | 55 2212 28 0.00050248 0.00241037
09071 amino acid

catabolic process
GO:00 iron-sulfur cluster | 32 2212 28 0.00057955 0.00269839
16226 assembly
GO:00 | purine 88 2212 28 0.00062125 0.0028326
09151 deoxyribonucleoti

de metabolic

process
GO:00 | nucleobase 59 2212 28 0.00069818 0.00314592
46112 biosynthetic

process
GO:19 | glycosyl 91 2212 28 0.00074437 0.00321292
01659 compound

biosynthetic

process
GO:00 | purine nucleoside | 60 2212 28 0.00075499 0.00321292
09127 monophosphate

198




biosynthetic

process
GO:00 | dAMP catabolic | 60 2212 28 0.00075499 0.00321292
46059 process
GO:00 | purine 60 2212 28 0.00075499 0.00321292
09172 deoxyribonucleosi

de monophosphate

catabolic process
GO:00 | deoxyribonucleosi | 93 2212 28 0.00083649 0.00344489
09162 de monophosphate

metabolic process
GO:00 | IMP  metabolic | 93 2212 28 0.00083649 0.00344489
46040 process
GO:00 | IMP catabolic | 62 2212 28 0.00087897 0.00358135
06204 process
GO:00 | 2- 131 2212 28 0.000904 0.0035828
09394 deoxyribonucleoti

de metabolic

process
GO:00 | purine nucleotide | 36 2212 28 0.00091675 0.0035828
32261 salvage
GO:00 | deoxyribonucleoti 134 2212 28 0.00103601 0.00385234
09262 de metabolic

process
GO:00 | deoxyribose 134 2212 28 0.00103601 0.00385234
19692 phosphate

metabolic process
GO:00 | dAMP metabolic | 64 2212 28 0.00101763 0.00385234
46053 process
GO:00 | allantoin 65 2212 28 0.00109279 0.00398608
00255 metabolic process
GO:00 | IMP biosynthetic | 38 2212 28 0.00112891 0.00407898
06188 process
GO:00 | purine 66 2212 28 0.00117202 0.00416796
09170 deoxyribonucleosi

de monophosphate

metabolic process
GO:00 | deoxyribonucleosi | 67 2212 28 0.00125546 0.00437129
09120 de metabolic

process
GO:00 | hypoxanthine 39 2212 28 0.00124699 0.00437129
46100 metabolic process
GO:00 | deoxyribonucleoti 103 2212 28 0.00143778 0.00483042
09264 de catabolic

process
GO:00 | deoxyribose 103 2212 28 0.00143778 0.00483042
46386 phosphate

catabolic process
GO:00 | purine nucleoside | 69 2212 28 0.00143552 0.00483042
09128 monophosphate

catabolic process
GO:00 | purine 69 2212 28 0.00143552 0.00483042
09169 ribonucleoside

monophosphate

catabolic process
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GO:00 | gamma- 72 2212 28 0.00174067 0.00560234
09449 aminobutyric acid

biosynthetic

process
GO:00 | neurotransmitter 73 2212 28 0.00185231 0.00581505
42136 biosynthetic

process
GO:00 | purine 108 2212 28 0.00184179 0.00581505
09167 ribonucleoside

monophosphate

metabolic process
GO:00 | purine nucleoside | 110 2212 28 0.00202573 0.00630775
09126 monophosphate

metabolic process
GO:00 | deoxyribonucleosi | 77 2212 28 0.00235235 0.00701951
09159 de monophosphate

catabolic process
GO:00 | cellular amide | 114 2212 28 0.00243546 0.00712048
43605 catabolic process
GO:00 | guanine catabolic | 23 2212 28 0.00271683 0.00776528
06147 process
GO:00 | deoxyguanosine 23 2212 28 0.00271683 0.00776528
42453 metabolic process
GO:00 | deoxyguanosine 23 2212 28 0.00271683 0.00776528
06161 catabolic process
GO:00 | cellular modified | 80 2212 28 0.00278766 0.00790869
42219 amino acid

catabolic process
GO:00 | gamma- 81 2212 28 0.00294504 0.00823322
09448 aminobutyric acid

metabolic process
GO:00 | nucleotide salvage | 51 2212 28 0.00341188 0.00938791
43173
GO:00 | dicarboxylic acid | 84 2212 28 0.00345612 0.00938791
43649 catabolic process
GO:00 | ribonucleoside 84 2212 28 0.00345612 0.00938791
09156 monophosphate

biosynthetic

process
GO:00 | ribonucleoside 84 2212 28 0.00345612 0.00938791
09158 monophosphate

catabolic process
GO:00 | nucleoside 86 2212 28 0.0038308 0.01011859
09125 monophosphate

catabolic process
GO:00 | dGMP catabolic | 55 2212 28 0.00449668 0.0112564
46055 process
GO:00 | GMP  metabolic | 90 2212 28 0.00466708 0.0116071
46037 process
GO:00 | AMP  catabolic | 56 2212 28 0.00480051 0.01186191
06196 process
GO:00 | dGMP metabolic | 57 2212 28 0.00511796 0.01225113
46054 process
GO:00 | glutathione 31 2212 28 0.00644346 0.01451674
06750 biosynthetic
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process

GO:00 | glyoxylate 31 2212 28 0.00644346 0.01451674
46487 metabolic process
GO:00 | purine nucleobase | 31 2212 28 0.00644346 0.01451674
06145 catabolic process
GO:00 | GMP  catabolic | 31 2212 28 0.00644346 0.01451674
46038 process
GO:00 | AMP  metabolic | 98 2212 28 0.00672116 0.01505383
46033 process
GO:00 | pyridine- 62 2212 28 0.00691926 0.01531835
72525 containing

compound

biosynthetic

process
GO:00 | guanine metabolic | 34 2212 28 0.00836279 0.01789357
46098 process
GO:00 | sulfur amino acid | 66 2212 28 0.008633 0.0182677
00097 biosynthetic

process
GO:00 | protein processing 67 2212 28 0.00910141 0.01884239
16485
GO:00 | nonribosomal 35 2212 28 0.00906974 0.01884239
19184 peptide

biosynthetic

process
GO:00 | glutamine family | 70 2212 28 0.0106064 0.02115755
09065 amino acid

catabolic process
GO:00 | nucleotide-sugar 38 2212 28 0.01139735 0.02238556
09226 biosynthetic

process
GO:00 | adenosine 72 2212 28 0.01169508 0.02273714
46085 metabolic process
GO:00 | nucleobase 39 2212 28 0.01224321 0.02356357
46113 catabolic process
GO:00 | aldehyde 41 2212 28 0.01404157 0.02649223
46184 biosynthetic

process
GO:00 | L-kynurenine 42 2212 28 0.01499454 0.02815151
97052 metabolic process
GO:00 | NAD  metabolic | 79 2212 28 0.01606937 0.03002228
19674 process
GO:00 | methionine 45 2212 28 0.0180708 0.03343535
06555 metabolic process
GO:00 | dTMP metabolic | 48 2212 28 0.02147605 0.03843611
46073 process
GO:00 | nucleotide-sugar 50 2212 28 0.02393018 0.04092556
09225 metabolic process
GO:00 | pyridine 50 2212 28 0.02393018 0.04092556
19363 nucleotide

biosynthetic

process
GO:00 | NAD biosynthetic | 50 2212 28 0.02393018 0.04092556
09435 process
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GO:00 | nicotinamide 50 2212 28 0.02393018 0.04092556
19359 nucleotide

biosynthetic

process
GO:00 | kynurenine 53 2212 28 0.02788806 0.04603934
70189 metabolic process
GO:00 | indolalkylamine 55 2212 28 0.03071098 0.04861123
06586 metabolic process
GO:00 | 2-oxoglutarate 55 2212 28 0.03071098 0.04861123
06103 metabolic process
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