MASS SPECTROMETRY STRATEGIES FOR COMPREHENSIVE LIPIDOME
ANALYSIS OF COLORECTAL CANCER CELLS AND THEIR SECRETED EXOSOMES

By

Cassie J. Fhaner

A DISSERTATION
Submitted to
Michigan State University
in partial fulfilment of the requirements
for the degree of
Chemistry — Doctor of Philosophy

2014



ABSTRACT

MASS SPECTROMETRY STRATEGIES FOR COMPREHENSIVE LIPIDOME
ANALYSIS OF COLORECTAL CANCER CELLS AND THEIR SECRETED EXOSOMES

By
Cassie J. Fhaner

Lipids are essential for numerous cellular functions and disruption of lipid
metabolism or signaling has been demonstrated to be associated with the onset and
progression of diseases, including cancer. Therefore, further investigation into the
details of lipid alterations and metabolism in cancer may be beneficial in biomarker and
cancer metabolic discovery. Exosomes, 40-100nm vesicles secreted from many cells,
have been implicated in cellular communication and progression and metastasis of
cancer. However, characterization of exosome lipidomes and their potential roles in
cancer progression have had little exploration. Several methods for lipid analysis have
been developed such as gas chromatography (GC) and liquid chromatography (LC);
however, many of these methods are time consuming and offer limited information on
individual lipid structural identity. Mass spectrometry has proven to be beneficial as
both a sensitive detector following separation by GC or LC and as a standalone
strategy for lipid analysis without previous separation. Recent developments in high
resolution mass spectrometry enhance the ability for mass spectrometry to be utilized
for unambiguous identification of lipid species.

In this dissertation, a ‘shotgun’ lipidomics strategy consisting of sequential
functional group selective chemical modification reactions coupled with high-
resolution/accurate mass spectrometry analysis, and ‘targeted’ tandem mass

spectrometry (MS/MS), has been developed and applied toward the comprehensive



identification, characterization and quantitative analysis of changes in relative
abundances of greater than 1500 individual glycerophospholipid, glycerolipid,
sphingolipid and sterol lipids between a primary colon adenocarcinoma cell line,
SW480, its metastasized derivative, SW620, and their secreted exosomes. Selective

chemical derivatization of phosphatidylethanolamine and phosphatidylserine lipids

using a ‘fixed charge’ sulfonium ion containing reagent, dg-S,S’-
dimethylthiobutanoylhydroxysuccinimide ester (dg-DMBNHS) or 1301-DMBNHS,

eliminates the possibility of isobaric mass overlap of these species with the precursor
ions of all other lipids in crude lipid extracts. Subsequent selective mild acid hydrolysis
of plasmenyl-ether containing lipids using formic acid or, alternatively, a method
involving the use of plasmenyl-ether selective derivatization with iodine and methanol
enables these species to be differentiated from isobaric mass plasmanyl-ether
containing lipids. Using this approach, statistically significant differences in the
abundances of numerous lipid species previously identified as being associated with
cancer development, or that play known roles as mediators in a range of physiological
and pathological processes were observed among the cells and exosomes. In the cells,
increases in several ether-containing glycerophospholipids, triglyceride and cholesterol
ester lipid levels in the SW620 metastatic colon cell line lipid extracts were observed
compared to the SW480 cells. Increases in ether phospholipids were also observed in
the exosomes compared to their respective cell lines as well as overall
glycerophosphoethanolamine, glycerophosphoserine and sphingomyelin levels. The
information provided by these analysis techniques is expected to lead to a broader

knowledge of the role of lipid metabolism and cancer progression.
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Chapter 1

An Overview of Analytical Strategies for Lipidome Analysis

1.1 Introduction to Lipid Structure and Function

Lipids are a diverse class of biomolecules that consist of fats, waxes,
sterols, etc. and can be defined as, “hydrophobic or amphipathic small molecules
that originate entirely or in part by carbanion-based condensations of thioesters
and/or by carbocation-based condensations of isoprene units” according to the
Lipid Maps Consortium [1]. Lipids function in three main areas: structure,
signaling and energy storage. A single, all encompassing definition of lipid
structure does not exist; however, lipids are generally divided into eight classes
divided by their distinct individual base structures: fatty acyls, glycerolipids,
glycerophospholipids, sphingolipids, sterols, prenols, saccharolipids and

polyketides [1,2].

1.1.1 Structure and Nomenclature of Lipid Classes

As mentioned above, lipids can be divided into eight classes.; however,
there are several possibilities for lipid classification depending on the degree to
which a lipid has been or can be identified. Lipids can be defined by the

following: lipid class or sub-class, sum composition, molecular lipid identity or



structurally defined molecular lipid [3]. Sum composition is defined as the lipid
class/sub-class as well as the total number of carbons and double bonds in the
fatty acyl chains [3]. Molecular lipid identity is defined as the lipid class/sub-class
with the total number of carbons and double bonds identified in each individual
fatty acyl chain [3]. Structurally defined molecular lipids are defined as the
molecular lipid identity with the position of the double bond positions defined [3].
Fatty acyls (FA) have several sub-classes including fatty acids, fatty
alcohols, cyclic fatty acids, hydrocarbons and more [1,2]. As a class, they consist
of chains of methylene groups with or without branching with zero to several
degrees of unsaturation in varying positions along the aliphatic chain. In several
cases, fatty acids are labeled by different names based on their structure and/or
function. Oleic acid, for example, is a fatty acid consisting of 18 carbons and 1

double bond starting at the ninth carbon from the end (Figure 1.1). It can also be

notated as FA(18:1,n-9), Where ‘n’ denotes the position of the double bond from

the terminal carbon. Many complex lipids in the other classes have FA

constituents and are also notated by their composition.

FA(18:1,n-9) 0

WOH

Figure 1.1 Example of fatty acyl structure, FA(18:1, n-9)-

Glycerolipids are a class of lipids that contain a glycerol backbone [1,2].
The most commonly known glycerolipids are either mono- di- or tri-substituted

with fatty acids or fatty alcohols: monoglycerol (MG), diglycerol (DG) and
2



triglycerols (TG) (Table 1.1), respectively. The fatty acyl constituents attached to
the glycerol backbone may be either fatty acids or fatty alcohols with or without a
vinyl double bond. Sn position may or may not be known for specific fatty acyl
constituents. Therefore, a naming convention has been proposed by Liebisch et
al indicating either a positive sn position identification (fatty acyls separated by a
‘" in order from sn-1 to sn-3) or limited to identification of the fatty acyl
substituent identities without knowledge of sn position (fatty acyls separated by a

({3

in order of shortest to longest chain and degree of unsaturation) glycerolipids

with a fatty alcohol (also called alkyl or plasmanyl) substituent are notated with

an “O-* (ex. TG(0-16:0/18:1/16:0) Or TG(0-50:1)) and a fatty alcohol with a vinyl
ether bond (also called alkenyl or plasmenyl) with a “P-* (ex. TG(p-16:0/18:1/16:0)

or TG(p-50:1)) [4] (Table 1.1). Glycerolipids can also have one or more sugar

residues attached by glycosidic linkages to the glycerol backbone which are

called glyceroglycolipids [1,2,5].



Table 1.1 Examples of level of identification, symbol and structures of the
glycerolipids, TG(16:0/18:1, n-9/16:0), TG(0-16:0/18:1, n-9/16:0) and TG(p-16:0/18:1, n-
9/16:0).

Level of Identification | Symbol Structure
. o
Sum Composition TG(s0.1 M
L o © sn-1
M0|eCU|aI’ L|p|d TG(1620/1821/16:O) VMWO sn-2
sn-3
Structurally Defined \AM/\/\WO
Molecular Llpld TG(16:0/18:1, n-9/16:0) o)
Sum Composition TG(0-50:1)
D P S T e N
o O
Molecular Llpld TG(O—16:0/18:1/16:O) W\AF\AM)J\O%
Structurally Defined G \AA/\/\/MO
Molecular Llpld T (0-16:0/18:1, n-9/16:0) 1)
Sum Composition TGp.s0:1) _
DN N N S e
o ©O
Molecular Llpld TG(P-16:O/18:1/16:0) \/\/\/\/wa
Structurally Defined V\/W\/\/\/YO
Molecular Llpld TG(P—16:0/18:1, n-9/16:0) 0

Glycerophospholipids are a class of lipids defined by a glycerol backbone
with a phosphate at the sn-3 position and one (lyso) or two fatty acyl groups at
the sn-1 and/or sn-2 position [1,2]. There are several sub-classes of
glycerophospholipids differentiated by the headgroup attached to the phosphate
group including choline (PC), ethanolamine (PE), Serine (PS), Inositol (Pl),
glycerol (PG), no group at all as phosphatidic acid (PA) (Figure 1.3) or another
PG as with cardiolipin (CL). As with glycerolipids, the position of the individual

fatty acyl substituent(s) may not be known; therefore, the “/” or convention

described above is also followed for glycerophospholipids [4]. Furthermore, the



presence of an alkyl ether or vinyl ether bond rather than an ester bond for the
fatty acyls is signified by an “O-“ or “P-”, respectively (Figure 1.3). The alkyl or
alkenyl chain is typically on the sn-1 position but may also be present on the sn-2

position, or both [1,2].

O
o o) O \ .
Il ~ Choline
0o O
A

e \O/\/NHQ Ethanolamine <
Variable fatty acyl chains (PE) 5
(length, unsaturation #, position and linkage) NH %
e 2 Serine =
COOH (PS) 2
~ <2
. o
—OH Acid c
(PA) 2
5
\O/\(\OH Glycerol :E;
OH (PG) 2]

OHLOH Inositol

HO OH
o/ ow e

Figure 1.2 General glycerophospholipid structure and headgroup variations.

Sphingolipids are a class of lipids that contain a sphingoid base [1,2].
Sphingosine is a common sphingoid base which has a trans double bond on the
fourth carbon from the terminal hydroxyl group (area shaded green in Figure 1.3)
while sphinganine is a sphingoid base that lacks the double bond. The sphingoid
base is designated with a “d” for 1,3-dihydroxy chain base (as shown in Figure
1.3) or a “t” for 1,3,4-trihydroxy variations [1,2]. There are many potential
additions to the sphingoid bases which include a phosphate (Sphingosine-1-

phosphate), an amide-linked fatty acid (Ceramide) (area shaded red in Figure

5



1.3), an amide-linked fatty acid and phosphate (Ceramide-1-phosphate), an
amide-linked fatty acid and a phosphocholine group (Sphingomyelin) (area
shaded blue in Figure 1.3) and more complex variations such as Gangliosides
[1,2]. There could also be branching and hydroxyl groups included on the

sphingoid base in various positions [1,2].

Sphingomyelin — SMq18:1/16:0)

Ceramide — Cer(q1g:1/16:0)

Sphingosine
OH (”)
W\/V\WO ‘I,D_O\/\[lj/
NH O I

O

Figure 1.3 Example of the structure of the sphingolipids and their notation

including the sphingoid backbone (sphingosine), Ceramide and Sphingomyelin.
Sterol lipids include cholesterol and its derivatives that contain a fused 4

ring structure (Figure 1.4) [1,2]. Cholesterol esters are a type of sterol lipid with a

cholesterol core and an ester-bonded fatty acid substituted for the carbon-3
hydroxyl group (for example, Chol(1g:1)). Other derivatives of sterol lipids include
C18 steroids (estrogens), C19 steroids (androgens), C21 steroids (progestogens,

glucocorticoids and mineralocorticoids), those with B ring cleavage of the core

structure (Vitamin D variants) and oxidized derivatives (bile acids).



R =H = Chol

@)
R = M = Chol Ester
CxHy

Figure 1.4 Structure of cholesterol (Chol) and cholesterol esters (Chol Ester).

Prenol lipids, saccharolipids and polyketides are the final three classes of
lipids, according to the Lipid Maps Consortium [1,2]. Prenol lipids are made from
the isopentenyl diphosphate and dimethylallyl diphosphate precursors.
Saccharolipids are similar to glycerolipids and glycerophospholipids, but have
sugar residues in place of the glycerol backbone. The fatty acids can attach via
an ester linkage or amide linkage and often have branched hydroxyl groups in
which another ester linked fatty acid may reside. Many secondary metabolites of
most living organisms are polyketides. Polyketides have great structural diversity
and often have many modifications and are synthesized from acetyl and
propionyl subunit polymerization.

The focus of this work is on the analysis of complex lipids in mammalian
cells. For this reason, glycerophospholipids, glycerolipids, sphingolipids and

sterol lipids will be discussed further.

1.1.2 Lipid Function in Mammalian Cells



1.1.2.1 Lipids as Structural Components

Lipids, especially phospholipids, compose the majority of the matrix of
cellular membranes [6]. Specifically, PC accounts for over 50% of the
phospholipids in membranes of eukaryotic cells [6]. The plasma membrane has
an asymmetrical lipid bilayer with the non-polar acyl chains as the core. The
outer layer of the bilayer consists of mostly PC while PE and PS are located
primarily on the cytosol side [6]. This is due to the cylindrical shape of PC lipids
and an overall conical shape to PE [6]. PE, when moved to the outer layer of the
plasma membrane, puts curvature stress on the membrane which aids in fission,
fusion and budding [7]. Several other organelles in the eukaryotic cell are either
monolayers or bilayers composed mostly of phospholipids. Sphingolipids, such
as sphingomyelin, and cholesterol are also major components of the cellular
membrane and are enriched in lipid rafts [8,9] in a liquid ordered phase [9,10].
The sphingolipids are orientated similarly to the phospholipids (fatty acid chains
toward the center of the bilayer) and cholesterol situated with the hydroxyl group
interacting with the phosphate headgroups of sphingomyelin and phospholipids

[11].

1.1.2.2 Cellular Signaling Roles of Lipids

Fatty acids are essential in not only in the structures of complex lipids, but

also in their ability to regulate signaling of cellular functions [12]. Free fatty acids



(FFAs) and fatty acid metabolism are also involved in insulin secretion of
pancreatic 3-cells [13]. For example, arachidonic acid (AA) metabolizes to form
prostaglandins which sensitize nerves in areas of inflammation [14,15]. Dietary

polyunsaturated fatty acids (PUFAS) inhibit n-9 fatty acid biosynthesis which

reduces n-9 incorporation in the plasma membrane and the activity of Ag

desaturase from the lack of substrate [12]. Saturated fatty acids can also
engorge white adipose tissue leading to apoptosis which can cause low-grade
inflammation by recruiting macrophages and neutrophils [16,17]. This chronic
inflammation can further lead to insulin resistance in muscle tissues [17].
Complex lipids, such as sphingolipids and glycerophospholipids, act as
second messengers for cellular signaling [6,11]. One of the largest groups of
second messengers are those present in the sphingolipid pathway, especially
Cer which is an intermediate for the biosynthesis/metabolism of many other
molecules in the sphingolipid pathway including Ceramide-1-Phosphate (Cer-1-
P) and Sphingosine-1-Phosphate (S-1-P). Cer mediates cellular responses to
stress which may include signaling for cellular growth, differentiation [18] and
apoptosis [19,20]. Cer is also involved in many immune responses such as
Tumor Necrosis Factor-a (TNF-a) [18,21], Interleukin-1 (IL-1) [21], and interferon
y [18]. Cer-1-P has also been shown to be involved in apoptosis, some immune
responses, and proliferation and cell survival [22-24]. S-1-P, when present on the
outer leaflet of membranes, can activate G protein-coupled receptor pathways

[25,26].



Similar to the role that Cer plays in the sphingolipid pathway, DG formed
from glycerophospholipids through the enzyme phospholipase C [27] serves as

the second messenger for phosphatidylinositol phosphate (PI-P) signaling [28].

After enzymatic degradation of phosphatidylinositol biphosphate (PI-P2), DG can

help activate protein kinase C by phosphorylation [27]. PI-P2s contribute to

calcium homeostasis and membrane trafficking [29]. Phosphatidylinositol

triphosphate (PI-P3) can also contribute to the activation of protein kinase C [27]

as well as protein kinase B, which affects cell survival and increases extracellular
protein binding [30]. Lysophospholipids, although low in concentration compared
to many diacyl species in cells and tissues, are also involved in many cellular
signaling cascades [31]. Lysophosphatidic acids (LPA) effect blood pressure,
contraction of smooth muscle and even platelet activation [31] whereas
lysophosphatidylcholine (LPC) is involved with inflammatory diseases [31] and

couples with the G-protein coupled receptor, G2A, to promote apoptosis [32].

1.1.2.3 Lipids as Fuel and Energy Storage Molecules

Lipids are also important energy storage molecules. TG are the main lipids
used for energy storage in lipid droplets of adipocytes [6]. Intracellular TG lipids
are metabolized by skeletal muscle for ATP production via B-oxidation [33].
Production of energy through B-oxidation of TG lipids provides over twice the

energy of carbohydrates or proteins per mass [34].
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1.1.3. The Role of Lipids in Disease

1.1.3.1 Lipid Alterations in Various Disease States

Alterations in lipid species have been reported for several diseases and
disorders including diabetes [35-40], Alzheimer’'s disease [41-45], peroxisomal
disorders [46,47] and many more [39,46,47]. Busik et al. have reported
significant differences in the abundance and fatty acyl constituents of some
glycerophospholipids [38] and a decrease in n-3 polyunsaturated fatty acids [40]
in diabetic rat retina compared to their non-diabetic control littermates. Others
have reported remodeling of cardiolipin fatty acyl constituents in diabetic rats
which may lead to diabetic cardiomyopathy [35,37].

Plasmalogen lipids have been observed to be altered in Alzheimer’s
disease [41-45,48] and the Peroxisomal disorder, Zellweger's syndrome [49].
Overall glycerophospholipid content was originally determined to be decreased in
Alzheimer’s disease patients when compared to age-matched control brains [41]
which was caused by a loss of plasmenyl PE species [48]. This was thought to

be a result of the elevation of enzymatic activity of plasmalogen-specific

phospholipase-A2 (PLAY) [43]. Han et al. also observed a decrease in plasmenyl
PE content in the cerebellar white matter in the brains of transgenic mice and
humans with Alzheimer’s disease [44]. The reduction of plasmenyl PE content

was not, however, reflected in the cerebellar grey matter, regardless of their

clinical dementia ratings [44]. Infants with Zellweger syndrome, a lethal disease,
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were observed to not only lack peroxisomes in their livers and kidneys and have
mitochondrial defects, but also have only 10% of the plasmenyl PE expected of
normal infants and a marked decrease in the amount of plasmenyl PC in their

heart and muscle tissues [49].

1.1.3.2 Lipid Alterations in Cancer

Several lipid classes have also been demonstrated to have altered content
in malignant tumors [50]. For example, increases in 16:0 and 18:1 fatty acyl
containing PC lipids were observed in liver tumors of transgenic mice [51]. N-3
and especially n-6 polyunsaturated fatty acids (PUFAS) were increased in breast
cancer tissue compared to normal breast tissue whereas several other fatty acids
such as 14:0, 18:1, 18:2, 18:3 were decreased [52]. However, n-3 fatty acids
were suggested to have a protective effect in normal breast tissue against cancer
[53] and in mice against hepatocellular cancer [54]. Many of these alterations in
lipid content of tumor cells are suspected to be linked to increased activity of fatty
acid synthase (FASN) [55,56].

Total ether lipid content in glycerophospholipids has been associated with
invasiveness of cancer, demonstrating a positive correlation with ether lipid
abundance and proliferation [57-61]. Plasmenyl (vinyl ether) and plasmanyl (alkyl
ether) PE and PC content increased in human breast [61-63], lung [63] and
prostate cancer [63] tissues compared to normal and benign tumor tissues [63].

Plasmenyl PC and plasmenyl PE in colon cancer tumors were observed to
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increase by 45% and 58%, respectively compared to control human mucosa [64].

These alterations were suggested to be caused by a decrease in Phospholipase

C and Phospholipase D activity, while Phospholipase A1 and Ay activity were

observed to remain unchanged [64].

Lyso lipids have been suggested to play a role in the activation of ovarian
[65-67], breast [65,68] and colorectal cancer [69]. Specifically, LPA,
lysophosphatidylserine (LPS) and sphingosinephosphocholine (SPC) induced
increases in calcium ion concentration and threonine phosphorylation in ovarian
and breast cancer cells with LPA positively affected proliferation [65].
Lysophosphatidylinositol (LPI) as well as LPA concentrations were elevated in
the serum of patients with ovarian cancer [70]. LPC concentration was detected
to increase in a study of human malignant colon tissues [71].

Other glycerophospholipid species have been demonstrated to have
altered lipid profiles in cancer tissues including diacyl glycerophospholipid
species within the PC, PE, PS and PI sub-classes that were altered in the urine
of human subjects with prostate cancer compared to samples from controls [72].
Further studies have shown alterations in the concentrations of ether lipids
(plasmanyl and/or plasmenyl) in malignant tumor cells and tissues [59,71,73,74].
Although plasmenyl PC, like LPC, was observed to increase in human malignant
colon tissues, plasmenyl PE was determined to decrease [71]. Alkyl lipid content
in the membranes of transplantable rat mammary tumors was positively
correlated with the metastatic potential of each cell type whereas there was no

detectable correlation with plasmenyl lipid content [73]. Furthermore, knockout of
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the key enzyme for ether lipid biosynthesis lead to the reduction of ether lipids
levels in melanoma, breast and prostate cancer cells which lowered cell survival,
cell migration and invasion of the cells in culture [75].

The correlation of ether linkage (plasmanyl or plasmenyl) to tumorigenicity
is not limited to glycerophospholipids only, but also occurs in glycerolipids
[57,59]. Plasmanyl TG and Plasmenyl TG content was elevated in breast, lung
and prostate cancer tissues compared to control human tissue and benign
tumors [63]. Both plasmanyl TG and plasmenyl TG were increased in
transplantable mouse and rat liver tumors with varying invasiveness [59,74,76].
Plasmanyl TG content was also increased in human liver tumors compared to
normal tissue [77,78]. Overall neutral lipid content, including glycerolipids and
cholesterol esters, were positively correlated with human brain tumor grade [79].

Sphingolipids are signaling molecules, therefore it is not surprising that
several sphingolipids are associated with tumor suppression, promotion [80,81]
and chemotherapeutic resistance [81]. Ceramide, a pro-apoptotic molecule, was
decreased in ovarian tumors when compared to normal tissue and was inversely
correlated to the malignancy of brain tumors [80]. Sphingosine-1-phosphate (S-1-
P), an anti-apoptotic molecule, was shown to be important in proliferation and
survival of breast cancer tumors [82,83]. Total SM content was observed to
increase in breast cancer cell lines with low and high degrees of aggression

when compared to non-malignant breast cancer epithelial cells including an

enrichment of SM(34.:1) [68].
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1.1.3.3 Lipids in Secreted Cancer Exosomes

Exosomes are 40-100nm vesicles formed within multivesicular bodies and
secreted upon fusion of the late endosome with the cellular membrane [84]. They
contain a variety of molecules including proteins, RNAs and lipids [85] and have
been implicated to play roles in several disorders [86] and diseases [87,88].
They are able to transfer mRNAs, microRNAs and proteins intercellularly which
facilitates local and system wide cellular communication [89-91] and can affect
cells in the immune system [92]. An increasing amount of research in cancer
suggest that exosomes are involved in the promotion of angiogenesis, migration
and cancer metastasis [88,89,93] by converting potential locations of metastasis
into “pre-metastatic niches” [93]. Latent TGF-B is present in some exosomes
[94,95] which can trigger SMAD-3 and a-SMA expression and can change the
morphology of fibroblasts [95]. This is especially important since there is a
higher amount of secretion of exosomes in cancer as opposed to non-malignant
cells [96,97].

Although there is an increasing amount of research being performed on
exosomes, there is still limited information on the lipid compositions with most
lipid information limited to the lipid class level of identification (i.e. PC, PE, SM,
etc.) [98-100]. A more in depth exosomal lipidomic study was performed by
Llorente, et al. which was able to identify and quantify 280 lipid species at the
molecular lipid level of identification from PC-3 prostate cancer cell secreted

exsomes [101]. More research on the lipidomes of exosomes would be beneficial
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since exosomal membrane lipids may impact exosome secretion, fusion, uptake

and target cell functional response [98,102,103].

1.2 Lipid Extraction

Several methods have been developed for the extraction of lipids, with
variable goals depending on the lipid class of interest or type of tissue/cell being
extracted [104]. No matter which extraction method is used, there are
precautions that need to be made to ensure the samples are not degraded or
contaminated. Storage of samples and extracts is highly important since lipids
can readily degrade [105] and/or oxidize [104]. For example, double bonds of
unsaturated and plasmenyl lipids are readily oxidized by exposure to ambient air
[106]. Due to the non-polar properties of lipids, all methods utilize organic
solvents which can degrade plastics used for storing and performing analyses,
thus contaminating the extracts. For this reason, glass containers with Teflon
lined caps should be used whenever possible. It may also be necessary to
homogenize tissues if looking for total lipid content since tissues may have
different lipid content depending on the area from which it is taken [107].

One of the most common extraction techniques for extraction of total lipids

is the Folch extraction [108]. The original method involves homogenization of

tissue in a 20-fold excess of 2:1 CHCI3/MeOH, assuming 1g of tissue is

approximately 1mL. The homogenate is then filtered through fat-free paper into a

glass stoppered container and 20% of the volume of extract quantity of water is
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added to the container, mixed thoroughly and allowed to separate completely by
either letting the vessel stand or by centrifugation. The top layer is carefully
siphoned off then the remaining interface is washed 3 times with water and

aspirated without disrupting the lower phase. Methanol is added until one

continuous phase is achieved and the extract is diluted with 2:1 CHCI3/MeOH

until the desired volume is achieved. This procedure has been the basis of
several modified extraction procedures for mammalian tissues which simplified
the process [109-111]. Although the aim of this method is the extraction of total
lipid content, very polar lipids such as gangliosides are partitioned into the
aqueous layer and mostly lost unless separate extraction of the aqueous layer is
performed [112].

Another common extraction technique is the Bligh and Dyer method [113].
This method, which was originally performed on frozen fish tissue, is meant for

total lipid extraction on large amounts of tissue with very high water content

[104]. Briefly, the tissue is homogenized with 1:2 CHCI3/MeOH which is miscible

with the water in the tissue. After homogenization, enough CHCI3 and water are

added until two distinct phases are formed with the lipids extracted into the

organic (lower) layer. After centrifugation, the organic layer is removed and more

CHCI3 is added to the aqueous phase for re-extraction. The organic phase is

removed, added to previous organic portion and dried with anhydrous sodium

sulfate. Like the Folch method, extraction of total lipid content is the aim and
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several methods have been adapted for different tissues [114,115]; however it is
a much faster method which lends itself well to large sample sets.

A more recently developed method is the use of methyl-tert-butyl ether
(MTBE) for total lipid extraction [116]. In short, MeOH is added to the sample to
be extracted then vortexed. MTBE is added and shaken at room temperature for
1 hour followed by the addition of water for phase separation. Samples are set at
room temperature for 10 minutes, centrifuged and the upper phase (MTBE) is

removed prior to re-extraction with the solvent mixture (10:3:2.5

MTBE/MeOH/H20 by volume). The organic phases are combined and dried

completely. This method is comparable to the Folch as well as Bligh and Dyer
methods, but has the potential to obtain cleaner extraction(less water and cellular
debris in the organic phase) since the lipid extract is in the upper phase.

There are numerous other extractions methods that are tailored for
specific lipid types. For example, sphingolipids can be extracted using the Folch
or Bligh and Dyer methods, but loss of the already low abundant polar

sphingolipids is a concern. Therefore, the sphingolipids are extracted with 2:1

MeOH/CHCI3, heated and exposed to KOH to degrade interfering lipids such as

glycerophospholipids to allow concentration of sphingolipids in the samples [117].
Svennerholm and Fredman developed an extraction method that is specific for
extraction of gangliosides which also involved the removal of
glycerophospholipids [118]. Extraction of total lipids can also be achieved by two

separate extraction steps [119], which will be discussed in section 1.2.6.3.2.
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1.3 Strategies for Lipidome Analysis

1.3.1 Thin Layer Chromatography (TLC)

TLC is an analytical method in which extracted lipids are adsorbed on a
solid phase and separated using an organic solvent mixture which migrates lipids
based on their polarity/affinity for the solvent used. Typically the solid phase is
silica gel, but alumina and kieselguhr are also utilized [120]. Although TLC was
previously the gold standard for lipid quantification by densiometry or in
conjunction with other separation methods such as GC, the development of high
performance liquid chromatography (HPLC) has largely taken the place of TLC

separation.

1.3.1.1 Methodologies for TLC Analysis

The ability of TLC to separate a complex lipid mixture depends highly on
the stationary phase and solvent mixture employed. Normal phase TLC uses a
silica gel stationary phase with a non-polar mobile phase which has a high
concentration of either chloroform or hexane. This is useful for the separation of
phospholipid classes based on the polarities of their headgroups. Modifications to
the stationary phase will alter the separation performed. For example, silver
nitrate impregnated in the stationary phase allows for separation of non-polar

lipids such as triglycerols, fatty acids, and phospholipids based on their degree of
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unsaturation [121]. Solvent systems for normal phase TLC include 25:15:4:2
chloroform/methanol/acetic acid/water or 65:25:4 chloroform/methanol/water for
the separation of phospholipids [122,123] and 70:30:1 hexane/diethylether/acetic
acid for separation of neutral lipids [79,124,125], and many others [120].

Reverse phase TLC uses a non-polar stationary phase such as silicone or
a hydrocarbon and a polar mobile phase [126]. It is used to separate lipids based
on their degrees of unsaturation. For example, siliconized chromaplates have
been used to separate saturated and unsaturated methyl esters in menhaden oil
using acetonitrile/acetic acid/ water or acetic acid/water solutions [127]. Reverse
phase TLC was also used with hydrocarbon, undecyl and octadecyl bonded
stationary phases, to separate sterols, which only differ in some cases by a
single double bond [128,129].

Two-dimensional TLC uses different mobile phases in order to separate
those lipid classes that wouldn’t ordinarily separate in a traditional normal or
reverse phase TLC experiment, such as highly acidic lipids, PS and PE [120].
The first dimension of TLC separation is typically by a less polar mobile phase
and the second is more polar to separate the phospholipid which co-elute in the

first separation [130-132].

1.3.1.2 Benefits and Drawbacks of TLC

TLC, whether normal phase, reverse phase or two dimensional, has

several benefits for lipid analysis. It is a simple method of placing the lipid extract
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on a substrate and allowing the mobile phase to migrate the lipids along the
substrate. It is inexpensive, as it doesn’t require any expensive equipment or
equipment maintenance which also makes it a convenient method that can be
used in any lab. The amount of solvent required for TLC is very small which adds
to the inexpensive and convenient aspect along with the added benefit of less
waste. For one dimensional TLC, several extracts can be analyzed on a single
plate which saves time, materials and enables easy comparison of samples.
However, despite its many benefits, TLC has several drawbacks for lipid
analysis. First, since TLC separations are performed in ambient conditions, the
lipids are exposed to the atmosphere which can lead to oxidation of the double
bonds. The extent of oxidation depends on the duration of exposure before
analysis and can lead to errors in the measurements. Although there are several
substrates and solvent systems available for separation of complex lipid extracts,
finding a system that works best for an unknown mixture may be difficult and time
consuming. Once the optimum system is found, there’s still the drawback of low
resolution as certain classes of lipids may not fully separate from each other.
Finally, TLC cannot separate individual molecular species of complex lipid
mixtures and is limited to either separation by lipid sub-class or degree of

unsaturation of a more purified extract.

1.3.2 Gas Chromatography (GC)
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GC is a chromatographic technique to separate gas phase analytes and
can be divided into two types: Gas-Liquid Chromatography (GLC) and Gas-Solid
Chromatography (GSC). Both techniques use inert gas such as He as the mobile
phase, but GLC separates analytes by partitioning between a liquid stationary
phase column and the mobile phase whereas GSC uses adsorption to a solid
stationary phase within the column. Analysis of lipids is more commonly
performed with GLC than GSC. There are several detectors used by GC
including thermo conductivity (TCD), flame ionization (FID) and mass

spectrometry (MS). Analysis by GC-MS will be discussed in 1.2.6.1.

1.3.2.1 Methodologies, Including Derivatization, for GC Analysis

Analysis of lipids using GC requires either transesterification of complex
lipids, derivatization and/or conversion of free FA into fatty acid methyl esters
(FAMES) [133]. This is accomplished by base catalyzed reagents, acid catalyzed
reagents, diazomethane and many others [133]. For example, FAMES and

dimethylacetals (DMA) were formed by a boron fluoride-methanol reagent and

extracted with pentane and sodium hydroxide at 0°c [134-136]. O-alkyl TGs

have also been saponified, extracted with CHCI3 and derivatized to trimethylsilyl

ethers[137] and diacetyl [138] derivatives [77,78]. Each method is specific to the
lipid content of the samples of interest since many of the methods are not
universal and can have undesired effects such as forming contaminants which

can be incorrectly identified as lipids, incomplete conversion/derivatization, and
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changing the original FA composition by oxidation, degradation, or forming

geometric isomers [133].

1.3.2.2 Drawbacks and Benefits of GC

GC in an efficient analysis tool and is also very sensitive with as low as
sub-picogram detection limits depending on the detector used, which is beneficial
for small amount of samples [139]. Quantitation by GC is possible and analysis
can be achieved quickly. Analysis by GC is easily automated, relatively
inexpensive and is well-established for fatty acid composition. Unfortunately,
analysis of intact complex lipids is not feasible using GC as most intact lipids are
not volatile and would need to be derivatized. Complex lipids are also susceptible
to thermal degradation. Although quantitation is possible, many internal
standards would be needed which may not be readily available and can make

analysis expensive.

1.3.3 Liquid Chromatography (LC)

LC is another chromatographic technique which separates analytes based
on their interactions with both the stationary phase and the mobile phase. There
are several types of LC techniques with varying columns to be used depending
on the properties of the analytes desired to be separated. These techniques

include lon Exchange (IEC), Affinity (AC) and Size Exclusion chromatography
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(SEC) [140] but further focus will be on two types of partition chromatography:
normal phase and reversed phase. Like GC, there are several detectors
available including absorbance (UV or diode array), fluorescence, refractive
index, evaporative light-scattering and MS [141]. LC techniques may also include
derivatization to improve the sensitivity of detection [142]. LC-MS will be

discussed in section 1.2.6.1.

1.3.3.1 Normal Phase and Reverse Phase LC

Normal phase liquid chromatography (NP-LC) is characterized by the use
of a polar stationary phase such as unmodified silica or silica modified with either
amine or diol functional groups with a non-polar mobile phase. NP-LC separates
phospholipids based on their polar headgroups leading to several methods with
varying columns and solvent systems being established [143-145]. Reversed
phase liquid chromatography (RP-LC) uses a non-polar stationary phase and a
polar mobile phase such as a mixture of acetonitrile, methanol and water.
Analytes are eluted depending on lengths and degrees of unsaturation of the
fatty acyls as well as headgroup polarity of lipids. Derivatization of some lipid
classes is required for UV detectors [142,146,147] (see section 1.2.6.3.4), but the
light-scattering mass detector can be used universally, albeit with a higher
detection limit. NP-LC and RP-LC are also easily linked to mass spectrometric

detectors which will be discussed in 1.2.6.1.
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1.3.3.2 Drawbacks and Benefits of LC

LC is a powerful tool for lipid analysis since it is suitable for non-volatile
samples and can separate lipids by headgroup or acyl chain composition. It also
allows for quantitation if all standards are available. LC is easily automated with
most current instrumentation. However, separation of lipids via LC can be very
time consuming and due to their complex structures, lipid species may co-elute
and/or tail leading to incorrect quantitation and mis-identification. Quantification
requires many internal standards which may not be available and can be very
expensive. Detection of underivatized lipids can be difficult as many

underivatized lipids do not absorb visible and UV light effectively.

1.3.4 Nuclear Magnetic Resonance (NMR)

NMR is a spectroscopic technique which uses static and oscillating
magnetic fields to identify the resonance of nuclei in molecules. It can be used to
gain structural information of simple molecules by one-dimensional NMR and
larger, more complex molecules such as proteins using two-dimensional NMR.
Information gained by one dimensional NMR includes the chemical shift in ppm
which gives information on the local environment of the nuclei, fine structure such
as doublet or singlet indicating the number of close similar nuclei and the

intensity that establishes how many nuclei are giving rise to that peak. The latter
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can be used for structural identification in pure samples or for quantitation of a

number of a specific species in a mixture [148].

1.2.4.1 Methodologies for NMR

lH and 13C NMR can be used for structural characterization of all lipids
whereas 31P is useful for phospholipids including glycerophospholipids and

phosphorylated sphingolipids such as SM. 1H NMR was used following a

perchloric acid extraction to determine the effects of indomethacin on
phosphatidylcholine metabolism of breast cancer cell lines; quantifying the

amplitudes of the shifts belonging to glycerophosphocholine, phosphocholine and

choline [149]. 1H and 13C NMR were used to identify, characterize and quantify

lipids of normal kidney, malignant renal tumors and benign oncocytomas [150]
and characterize colorectal cancer tumors [151]. Phosphorus containing

metabolites of rabbit lens [152] and phospholipid profiles of colorectal cancer

tumors [71] were identified and quantified utilizing 31P NMR . Since very complex

mixtures can have thousands of peaks, two dimensional or three dimensional

NMR is used for many lipidomic analyses. Standard methods for structural

determination of PI, Chol and SM using lH NMR, Chol using 13C NMR and a

mixture of phospholipids for profiling in solution using two dimensional 31P-lH

NMR have been described [148].
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1.3.4.2 Drawbacks and Benefits of NMR

NMR is a non-destructive technique, unlike many other analysis methods

which allows for further analysis by another technique [153]. It can be

guantitative and “"H NMR is beneficial for structural analysis of purified molecules

[153]. NMR also has a large dynamic range of over 4 orders of magnitude on
modern instruments [154]. There are several drawbacks to NMR including low
sensitivity leading to the inability to analyze very small amount of samples. In
complex mixtures, spectra are mostly dominated by PC and Chol, making

identification of other lipids difficult. Peak broadening, which also occurs in

aqueous solutions for 31P NMR, is an additional concern with NMR.

1.3.5 Mass Spectrometry (MS) Based Lipid Analysis

Mass spectrometry is an analysis technique in which spectra are acquired
from ionized analytes that have been separated based on their mass to charge
ratios and may provide the mass of an analyte of interest and/or structural
information by characteristic fragment formation upon performance of tandem
mass spectrometry (MS/MS) [155]. The use of mass spectrometry for lipid
analysis ranges from use as a detector for fatty acids after separation to direct
analysis without previous separation [156]. Various ionization methods can be
used for many of these techniques including electron ionization (El), matrix-

assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI)
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[156]. El is used to form radical ions from gas phase analytes and is typically

coupled with GC. EI forms reproducible fragments which enable structural

characterization, but may not include a molecular ion [M'+] which may lead to

difficulty in lipid identification. The development of soft ionization techniques such
as MALDI and ESI has enabled the ionization of analytes that are not easily
volatile in the gas phase, such as intact complex lipids. MALDI-MS is used for
lipid detection after TLC separation as well as lipid mapping of tissues [155]. ESI-
MS combines well with LC separation or can be used for direct injection of lipid
extracts in the case of ‘shotgun’ analysis [155], which is the main focus of this

dissertation.

1.3.5.1 Sample Introduction Methods for MS

MS has been used as a detector with many separation techniques such as
TLC and capillary electrophoresis (CE), but most commonly with GC and LC.
GC-MS has traditionally been used to investigate free fatty acids, sterols and
fatty acid methyl esters (FAMES) [156] due to their abilities to readily go into the
gas phase. GC-MS of other lipids, such as intact lipids, requires separation and
additional sampling steps involving saponification or enzymatic digestion with
Phospholipase C, and derivatization prior to GC separation [146]. Curstedt
described a method for analysis of ether linked PC lipids which involved several
separation steps by LC, enzymatic digestion, derivatization and hydrolysis in

order to form the trimethylsilylethers suitable for GC-MS analysis [157]. Although
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direct analysis of intact lipids is not feasible, analysis of FAMES and FAME
derivatives using GC-MS gives important structural information. For example,
double bond position of FAMES has been achieved by derivatization with
pyrrolididine [158], 4,4-dimethyloxazoline [159] or dimethyl disulfide [160-165]
prior to traditional higher energy El (70eV) GC-MS or by use of lower energy El
(30eV) GC-MS [166].

LC-MS has proven to be a powerful tool for the analysis of highly complex
lipid samples without the need for derivatization for detection. Several methods
have been developed for use of MS as a detector for either RP-LC
[114,142,167,168] or NP-LC [115,117,169], depending on the type of lipids of
interest or the information desired. LC-MS/MS has been utilized for determining
the structures of unknown lipids and the fatty acid compositions of the sn-1 and
sn-2 positions of intact lipids [114]. Specific information for identification of lipids
by characteristic headgroups or fatty acid fragments is found in sections 1.2.6.2.2
and 1.2.6.2.3. Although LC-MS is a more universal technique for lipidomic
analysis, there are drawbacks including unresolved chromatographic peaks,
lengthy analysis time and the need for many internal standards for quantitation
and method development.

Direct infusion or “shotgun” lipidomics involves sample introduction to the
mass spectrometer without prior separation by chromatography [170]. Current
lipidomic analysis techniques by direct infusion MS or MS/MS rely on differential
extraction/class specific extraction or, more commonly, characteristic

fragmentation scans performed by the mass spectrometer using tandem mass
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spectrometry (MS/MS) to separate isobaric lipid ions that may be present within
the crude unresolved lipid mixture [171,172]. Analysis of lipids by characteristic
fragmentation can be performed by inherent fragments, such as the
phosphocholine headgroup of PC and SM ions, or by specific fragmentation due
to lipid class specific derivatization [173,174]. These fragmentation techniques
with and without derivatization will be discussed in future sections.

Regardless of the sample infusion method, the ability to differentiate
individual ions in a mass spectrum depends heavily on the resolving power and
mass accuracy (i.e. the difference between the observed m/z in the spectrum
and the calculated theoretical mass, in Da or ppm) of the mass spectrometer
utilized. Resolving power is defined as the m/z of a specific ion (M) divided by the
resolution (Am), where resolution (according to the % valley definition) is the m/z
difference between ions that can be separated [175]. lons are considered
resolved according to the % valley method by having a 10-20% overlap in the
valley between the two peaks. Many mass spectrometers, such as the
guadrupole ion trap or triple quadrupole, have nominal mass resolution meaning
that Am = 1. If at m/z 400 Am = 1, then the resolving power of the instrument at
m/z 400 = 400. Resolution may also be defined using full width at half maximum
(FWHM) of a peak, which may also be termed as Am, which will result in a
resolution value that is double the value of that obtained by the % valley
definition. For this reason, a qualifier stating the method by which resolution is
defined must be used when reporting the resolving power of an instrument.

Instruments with an Orbitrap, lon Cyclotron Resonance (ICR) and some time-of-
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flight (TOF) mass analyzers can have mass resolving power (FWHM) of over

100,000 at m/z 400 [176,177].

1.3.5.2 Tandem Mass Spectrometry (MS/MS)

1.3.5.2.1 Traditional Instrumentation and Methods of CID-MS/MS

Two types of collision induced dissociation (CID) MS/MS, tandem in time
and tandem in space [178], are utilized in lipidomics for different purposes.
Tandem in time MS/MS is performed in an ion trap, such as a linear ion trap. In
this case, lipid ions are trapped by an applied RF potential in the presence of a
bath gas such as Helium (He). Once trapped, a specific m/z is isolated and a
supplemental RF potential is applied at the same frequency as the ion of interest.
The ion collides with the He in the trap, the kinetic energy is converted to internal
energy and the ion fragments. Since He is very small, many collisions must take

place which results in fragmentation at the most labile position. lon traps also

have MS" capabilities since fragments from MS/MS can also be trapped and

subsequent fragmentation is possible [178]. This phenomenon is beneficial for
identifying fragmentation mechanisms of lipids and is also very fast which is
beneficial for use with LC [140].

Tandem in space MS/MS occurs when isolation and fragmentation are
performed in different chambers of the mass spectrometer [178]. A common

instrument used in lipidomics is the triple quadrupole as the RF and DC
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potentials applied to the quadrupoles can be set to control ion transmission and
monitor characteristic fragmentation patterns (see Figure 1.5) [178]. Triple
guadrupoles can identify lipids by MS, but provide only hominal mass resolution
performance; thus, every peak in the mass spectrum can consist of several lipid
ions. For this reason, several types of CID-MS/MS are utilized for lipid analysis:
product ion scans, precursor ion scans (PIS), neutral loss scans (NLS) and
selected reaction monitoring (SRM) [156]. This enables lipids to be identified
and/or categorized by headgroup, fatty acyl of interest, or other characteristic
fragments, thereby separating complex mixtures and simplifying spectra for
analysis of only the lipids intended. Unlike the ion trap, ions are not trapped and
isolated prior to fragmentation. For this reason, the triple quadrupole utilizes a
larger collision gas, Argon (Ar), which enables fragmentation to be achieved in
the short amount of time that is required in order to travel through the second

guadrupole [179].
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Figure 1.5 The four types of MS/MS scans utilized by a triple quadrupole mass
spectrometer: product ion scan, precursor ion scan, neutral loss scan and SRM

Scan.

Several methods have been developed for both types of MS/MS analysis

using both HPLC and direct infusion, as well as other MS systems such as a

guadrupole-time-of-flight (Q-TOF) [156]. The specific fragmentation patterns for

each type of lipid are described in 1.2.6.2.2 and 1.2.6.2.3. Lipidomic analysis via

characteristic MS/MS fragmentation has several benefits such as simplification of

spectra (only lipid sub-classes with specific characteristics are shown) and ease

of analysis. However, ion traps and triple quadrupole instruments have only
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nominal mass resolution and cannot differentiate between ether-linked and odd

numbered carbon chain lipids which may be present in complex mixtures.

1.3.5.2.2 Lipid Class ldentification by Characteristic Head Group Fragmentation

Behaviors upon CID-MS/MS

A common approach for using mass spectrometry to identify lipids is by
taking advantage of characteristic fragmentation behavior [171]. The fragments

formed depend not only on the polarity of the lipid ions but also the ionizing

adduct (i.e. H+, Na+, HCO>, etc.) [173]. Characteristic fragmentation behavior

enables lipid identification on instruments with nominal mass resolution, such as
the triple quadrupole, without prior chromatographic separation [180].

PC can be readily protonated through electrospray ionization (ESI) due to
the quaternary nitrogen atom of the choline headgroup. Protonated PC yields the
characteristic fragment of phosphocholine (m/z 184.0739) upon performing CID-

MS/MS [173,181-183]. Other common adducts for positive mode ionization of PC

include Na* and Li". Sodiated PC yields a product ion at m/z 146.9823 [184] as

well as an ion formed from the neutral loss of 205.0480 Da [184,185]. CID-
MS/MS of lithiated PC ions give rise to the neutral losses of 183.0660 Da.,
59.0735 Da. and 189.0812 Da., albeit at different efficiencies depending on
whether they are diacyl, plasmenyl, plasmanyl or lyso species [174] (Table 1.2).
lonization of PC in negative ion mode, however, must use negatively charged

adducts, due to the quaternary nitrogen fixed positive charge which needs to be
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neutralized. Several adducts for deprotonating PC have been investigated

including chloride (CI'), iodide (1), fluoride (F ), bromide (Br ), acetate (CH3CO> ),

formate (HCO2 ), methyl carbonate (CH30CO> ) and several more [183,186].

Table 1.2 Summary of the characteristic fragments for PC lipid ions in positive
and negative ionization mode with various common adducts.

Lipid Type Precursor lon m/z or lon Formed
Neutral Loss
(NL)
PC, O-PC, [M+H] m/z 184.0739 0] /
I —
P-PC, LPC HO—Q—O/\/N\
OH
PC, O-PC, [M+Na]* m/z 146.9823 +
P-PC, LPC O |C':') ONa
|
(@)
PC, O-PC, M+NalF NL 205.0480 R @) ,
P-PC [M+Na] 1 O/\E Rz
O+
PC, O-PC, M+Nal+ NL 59.0735 O 44
P-PC, LPC [[M+Li]]+ Ri” O Nalli
Rz\o O—Fl’—O
(@)
PC, O-PC, M+Nal+ NL 183.0660 +
P-PC, LPC [[M+Li]]+ R1/O Na/Li
PC, O-PC, [M+Li]" NL 189.0812 R4 O R,
P-PC, LPC \_< :>—O/
+
O H
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Table 1.2 (cont'd)

PC, O-PC, M+CIT NL 49.9923 R1/O o |
P-PC, LPC (M+Br] NL93.9418 | o jvo—lg—o/\/N\
(M+1]" NL 141.9279 | 2O &
[M+F] NL 34.0219
[M+CH3CO>] NL 74.0368
[M+HCO2] NL 60.0211
E-%C,Ol:llzg [M+CH30CO,] | NL 135.0895 R1/O o
RZ\Oj\/OEI,O/\
o
E%C?I:Eg, [M+CH30CO>] NL 161.1052 R1/O o
Rz\oj\/OIIDOH
o

PE can also be analyzed in both positive and negative ionization mode. In
positive mode, the most common fragment for PE is the neutral loss of 141.0191
Da which is formed from either the protonated PE or sodiated PE precursor ions
[173,181] (Table 1.3). This loss is observed as an efficient fragmentation
pathway for diacyl and lyso PE lipids, but is not as efficient for plasmanyl or
plasmenyl lipids [110,187]. Sodiated diacyl, lyso, plasmenyl and plasmanyl PE
lipids also give rise to a neutral loss of 43.0422 Da and a product ion at m/z
164.0089 [110,184]. The neutral loss of 43 Da also results from the lithium
adduct of PE [188]. In negative ionization mode, CID-MS/MS of deprotonated PE
gives rise to a product ion at m/z 196.0375, albeit not at high abundance for the
detection of low abundant species [110,185]. A neutral loss of 35.9767 Da is
observed from the chloride adduct of PE in negative ionization mode CID-MS/MS
which is much more efficient and therefore a better choice of analysis method if
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one is choosing to use negative ionization mode to detect and quantitate PE

lipids [182].

Table 1.3 Summary of the characteristic fragments for PE lipid ions in positive
and negative ionization mode with various common adducts.

Lipid Type Precursor lon m/z or lon Formed
Neutral Loss
O (NLEJ 91 i
PE, O-PE, M+HT NL 141.01
P-PE, LPE [Vl R|1‘|/O
RZ\Ok
Ri
O
O/\[ >¢\
X o R
H
R/Oro
O)\/R'I
PE, O-PE, [M+Na]+ m/z 164.0089 Na"
P-PE, LPE
HO\#/O\/\NHZ
§ 5 OH
PE, O-PE, M+N NL 43.0422
P-PE, LPE [[M++L3]+ Ri™ O Na/Li
Ro- O-P-OH
OH
PE, O-PE, [M-H] m/z 196.0375 O
P-PE, LPE Q\Il.')_o
R
O
O
PE, O-PE, - NL 35.9767 @)
P-PE, LPE el - j\/ C”)
RZ\O O—Fl’-_O\/\NH
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PS lipids, like PE and PC lipids, are characterized in both positive and

negative ionization mode CID-MS/MS. In positive mode, a fragment formed from

the neutral loss of 185.0089 Da can arise from either the [M+H]Jr [189,190] or
[M+Na]Jr [180,182,190] (Table 1.4). The neutral loss of 190.0162 Da and product

ion at m/z 191.0240 form from the lithiated precursor ion, [M+Li]Jr [189]. In

negative ion mode, the characteristic fragment formed from the deprotonated PS

ion is the neutral loss of 87.0320 Da [180,189].

Table 1.4 Summary of the characteristic fragments for PS lipid ions in positive
and negative ionization mode with various common adducts.

Lipid Type Precursor lon m/z or lon Formed
Neutral Loss
. (NL) —
PS, O-PS, [M+H] NL 185.0089 H/Na
P-PS, LPS (M+Na]* NL 185.0089 R 1/0
v+LiT+ NL 190.0162 R :J\
2\0
Ri
O
O/\E >§\
. o R
Ho
Ry ro
O)\/R1
PS, O-PS, MLl m/z 191.0241 x
P-PS, LPS (S (”) Li NH
OHho ™o
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Table 1.4 (Cont'd)

PS, O-PS, (M-H] NL 87.0320 O

P-PS, LPS Ri”™ C“)
RZ\O O-P-OH

PI lipids can be identified in positive ionization mode by the neutral loss of
277.0563 Da from the [M+NH4]+ ion and 282.0117 Da from the [M+Na]Jr [190]
and in negative ionization mode, the product ion at m/z 241.0113 from the [M-H]

[185,191,192] (Table 1.5). A product ion at m/z 152.9953 also forms from the

fragmentation of deprotonated PI in negative ionization mode CID-MS/MS [191].

Ammoniated PG ([M+NH4]+) forms an ion with a neutral loss of 189.0402 Da
from positive ion mode CID-MS/MS [192] and a product ion at m/z 152.9953 in
negative ionization mode from its [M-H] precursor [185,192,193] (Table 1.6). PA

is identified in positive ionization mode from its [M+NH4]+ ion via a neutral loss of

115.0034 Da [182] (Table 1.7). Like PG, PA forms a product ion from [M-H] at

m/z 152.9953 in negative ionization mode [185,192,194]. Since ion at m/z
152.9953 is formed from PI, PG and PA, it is not an ideal choice for a

characteristic ion for absolute identification of these lipids.
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Table 1.5 Summary of the characteristic fragments for PI lipid ions in positive
and negative ionization mode with various common adducts.

Lipid Type Precursor lon m/z or lon Formed
Neutral Loss
(NL)
PI, O-PI, [M+NH4]" NL 277.0563 H
P-PI, LPI (M+Na” | NL282.0117 R1/O
o
R "o
1 H+ o
O/\[ >§\
N o R
Ho
R, fo
O)\/R1
Pl, O-PI, [M-H] m/z 241.0113 O
P-PI, LPI lg
O 10
O
HO OH
HO OH
Pl, O-PI, [M-H] m/z 152.9953 HO
P-PI, LPI \CQ o
O/P\é 3
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Table 1.6 Summary of the characteristic fragments for PG lipid ions in positive
and negative ionization mode with various common adducts.

Lipid Type Precursor lon m/z or lon Formed
Neutral Loss
(NL)
PG, O-PG, M+NHl" NL 189.0402 i
p-pG, LpG | LMNHal Ho
R1
Ro-
20
Ri o
o“[ —
N o R
Ho
Ry fo
O)\/R1'
PG, O-PG, [M-H] m/z 152.9953 HO
P-PG, LPG \CQ o
P
O o

Table 1.7 Summary of the characteristic fragments for PA lipid ions in positive
and negative ionization mode with various common adducts.

Lipid Type Precursor lon m/z or lon Formed
Neutral Loss
(NL)
PA, O-PA, M+NHAT NL 115.0034 i
P-PA, LPA [ 4 IiO
Ri
Ro<
20
PA, O-PA, [M-H] m/z 152.9953 HO
P-PA, LPA \Ccl) O
P
@ \O_
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SM can be identified by some of the same fragments as PC including all

PIS and NLS above for PC except NLS 205 and NLS 189 [182,184,195] (Table

1.8). SM and Cer can also be identified by the characteristic fragment of the

sphingo- backbone which will be discussed in the next section.

Table 1.8 Summary of the characteristic fragments for SM lipid ions in positive
and negative ionization mode with various common adducts.

Lipid Type Precursor lon m/z or lon Formed
Neutral Loss
(NL)
SM [|\/|+H]+ m/z 184.0739 O /
Il
HO-P-0~ "X
OH
SM [M+Na]" m/z 146.9823 O Na
Il
HO—Fl’—O
0./
SM * NL 59.0735 o
(M+Na] OH NalLi 0
[M+Li] ' T
R+ O-P-0
NH j
Rs; O
SM M+Na]" NL 183.0660 Na/Li,
M+Li]" OH
R
NH
Rs~
SM [M+CI NL 49.9923 OH o |
[M+B|’]- NL 93.9418 , M /\/N
M+ NL 141.9279 | R O-P-O
[M+E] NL 34.0219 RZ/NH O
[M+CH3CO5] | NL 74.0368
[M+HCO>2] NL 60.0211

/
7
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Table 1.8 (Contd)

SM [M+CH30CO>]

NL 135.0895

SM [M+CH30CO>]

NL 161.1052

Rs”

The ammonium adduct of cholesterol can be identified in MS mode, but

upon fragmentation, has only a characteristic loss of water and ammonia [196]

(Table 1.9). Cholesterol esters are identified by a common cholestane fragment

at m/z 369.3521 [196,197] which, along with the m/z of the [M+NH4]Jr ion,

enables full structural identification. All fatty acyl specific fragments will be

discussed in the fatty acyl substituent identification section (1.2.6.2.3).

Table 1.9 Characteristic fragment for ammoniated Chol Ester in positive

ionization mode.

Lipid Type Precursor lon m/z or lon Formed
Neutral Loss
(NL)
Chol Ester [M+NHa]" m/z 369.3521
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1.3.5.2.3 Fatty Acyl Substituent Identification by CID-MS/MS

Many phospholipids are identified through neutral loss or precursor ion
scans in positive ionization mode, but structural identification is much more

difficult using positive ionization mode CID-MS/MS since the characteristic

headgroup loss is highly abundant. For this reason, M83 of the neutral loss

fragment would be required for identification of the fatty acid substituents. PS in

positive ionization mode has a neutral loss of 185 Da corresponding to the loss of

phosphoserine (see 1.2.6.2.2). For example, CID-MS3 of the neutral loss

fragment of PS lipids (NL 185.0089 Da) will generate fragments corresponding to
the neutral loss of each fatty acid moiety as ketenes, thereby giving the
information pertaining to each individual fatty acyl chain. This is also the case for
diacyl PE, PA and PG [173]. However, these fragments are typically of low

abundance and therefore of limited value for the characterization of these

species in complex mixtures where the original [M + H]+, M + Na]+ or [M +

NH4]+ ions are observed at low abundance compared to several other lipid

classes. Conversely, the ion formed from protonated PC lipids is not abundant
and therefore MS? is not typically possible.

Plasmenyl PE lipids fragment efficiently in positive ionization mode giving
fragments that correspond to the losses of both the acyl and the plasmenyl

groups as ketenes with sufficient abundance for identification of even low

abundant species [187]. For example, upon CID-MS/MS fragmentation, [PEp-
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18:0/18:1) + H]+ (m/z 730.5745) yields three dominant peaks: m/z 589.5554, m/z

392.2929 and m/z 339.2899. These peaks correspond to the neutral loss of the
phosphoethanolamine  headgroup only, the neutral loss of the
phosphoethanolamine headgroup and the plasmenyl group as a fatty alcohol,
and a rearrangement product ion consisting of the plasmenyl group directly
attached to the phosphoethanolamine headgroup, respectively [187]. The
mechanism for dissociation of protonated plasmenyl PE will be discussed in
chapter 2.

Ammoniated TG and DG lipids are identified through a neutral loss scan of
their characteristic neutral loss of ammonia and a fatty acyl group [198-201]. This
fragmentation yields an oxonium ion [202] in which the information on one of the
fatty acyl moieties can be elucidated. Structural characterization can be achieved

using a product ion scan and by identifying the neutral losses of individual fatty

acyls from the [M + NH4]+ peaks. These scans will, in most circumstances, yield

several peaks corresponding to oxonium ions of the neutral losses of all fatty
acyls present in a mixture. For simple TG mixtures, the fatty acyls of the TG

species in question is as simple as adding up the fatty acyls identified by neutral

loss and ensuring they add up to the m/z in question. For example, a [TG(52:1) +
NH4]+ (m/z 878.8171) which vyields ions at m/z 605.5510 (neutral loss of
273.2661 = 16:0 + NH3), m/z 579.5354 (neutral loss of 299.2817 = 18:1 + NH3)

and m/z 577.5198 (neutral loss of 301.2973 = 18:0 + NH3), would be identified as
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TG(16:0_18:0_18:1) without specificity to sn position. In complex TG mixtures,
several more possibilities of peaks may arise including those corresponding to
14:0, 14:1, 16:1, 20:0, 20:1, 22:0, 22:1, 24:0 and 24:1. Using only this
information, 12 different TG identities may be found [199] if the assumption is

made that all possible species will be present in any given mixture. However, if

more certainty is needed, M83 must be performed on these neutral loss peaks to

reveal acylium ions of the other fatty acyl moieties to match up [200]. DG lipids,
however, only require MS/MS for complete identification since there are only 2
fatty acids and therefore identification of one fatty acid provides the information of
the second fatty acid [203].

For the analysis of Cer in positive ionization mode, Cer ions exist as either
a protonated or lithiated adduct [204]. Protonated Cer first loses water by loss of
the terminal hydroxyl group followed by formation of ions pertaining to the
remaining sphingoid backbone prior to and after subsequent loss of an additional
water molecule [205]. A d18:1 backbone forms ions at m/z 282.2797 and m/z
264.2691, respectively. Lithiated Cer will form the same doubly dehydrated

backbone ion that protonated ceramide forms, but more readily forms a fragment

consisting of the lithiated amide chain [206]. For Cer(d18:1/24:1), m/z 264.2691 for

the sphingoid backbone and m/z 372.3887 for the lithiated fatty amide will form.
Other than the major phosphocholine fragment, protonated SM forms a minor
dehydrated sphingoid fragment following the neutral loss of the phosphocholine

headgroup [207]. As with ceramide, a d18:1 sphingoid backbone forms the ion at

m/z 264.2691. Lithiated SM(qd18:1/16:0) forms the ion at m/z 264.2691 but also an
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ion at m/z 280.2640 corresponding to the protonated fatty amide with a three
positioned ring on the terminal nitrogen [195]. This fragmentation pattern holds
true for sodiated and potassiated SM, forming the same fragment ions [195].
Fatty acid substituent identification of most glycerophospholipids is also
achievable through fragmentation in negative ionization mode, in which all
glycerophospholipids lose fatty acyls that form deprotonated carboxylate ions.

This simplifies identification of the fatty acyl substituents as the individual fatty

acyls will add up to equal the sum composition. For example, a [PE(34:1) - H] will

have a total of 34 carbons and one double bond in the fatty acyl chains. If

fragment ions at m/z 253.2167 ([FA(16:1) - H] ), m/z 255.2324 ([FA(16:0) - HI),
m/z 281.2180 ([FA(18:1) - H]) and m/z 283.2637 ([FA(18:0) - H]) are in the
spectrum, the parent ion can be identified as a mixture of [PE(16;0_18;1)-H]' and

[PE(16;1_18;0)-H]'. This method of identification does not give information about

sn position of the fatty acids and is ambiguous in complex mixtures where many
different lipids may be present at the same nominal m/z and will yield the same
product ions. Moreover, fatty alcohols (alkyl and alkenyl linkages) do not form
deprotonated fragments. In these cases, it is necessary to identify characteristic
ions formed after the neutral loss of a sn-2 fatty acyl as the ketene or neutral

acid. Negatively charged glycerophospholipids form ions from the neutral losses

of fatty acyls as R’CH=C=0 and R’"COOH more readily at the sn-2 position aiding

in molecular ion identification [173].
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Acetate and formate adducts of PC more readily form ions from the loss of

R2’'CH=C=0 ketene after the initial loss of methyl acetate or methyl formate. For

example, for [PC(16:1/18:1) + B], a major product ion at m/z 478.2933, a smaller

product ion at m/z 460.2828 corresponding to the neutral loss of the ketene and

neutral fatty acid, respectively, and the deprotonated fatty acid ions at m/z

253.2167 and m/z 281.2180 are all observed [173,184]. [PC(0-16:1/18:1) + B] will
form only ions at m/z 464.3141 (neutral loss of Ro’CHCO), m/z 446.3035 (neutral
loss of R2’COOH) and m/z 281.2180 ([FA(18:1) - H]) [208] (Scheme 1.1).
However, [PC(p-16:0/18:1) + B], which has the same precursor ion mass as
[PC(0-16:1/18:1) + B], will also form ions at m/z 464.3141 (neutral loss of
R2’CHCO), m/z 446.3035 (neutral loss of Rp’COOH) and m/z 281.2180
([FA(13;1)-H]' [208] (Scheme 1.2). Differentiation of [PC(0-16:1/18:1) + B] and

[PC(p-16:0/18:1) + B] requires MS3 on the ion at m/z 464.3141 which will form
fragment ions at m/z 224.0688, m/z 168.0426 and lose neutral 135.9925 to form
m/z 251.2739 if [PC(p-16:0/18:1) + B] . If [PC(0-16:1/18:1) + B] is present, ions at

m/z 152.9953, 134.9847 and loss of neutral 138.0082 to form m/z 249.2582 will

result.

48



R'1/\/O 0O |
Oj\/OP&o/\/ N \[O\P//O
_ | .
oM R0 =0 o

m/z = 464.3141 m/z = 249.2582 NL 138.0082

-

, H Hb o O
et R
> CQ)y~~Q_0O > N
H H B Ry(CH),0H O 0
w_ m/z = 134.9847
a
b|-R1’CHCH2 ‘
o 0_0 ‘ ‘ HO/\[QP//O
/P\ O/ \O_
O OH
m/z = 152.9953 m/z = 152.9953

Scheme 1.1 Adapted fragmentation mechanism for MS3 analysis of [PC(o-
16:1/18:1) - CH3 - H] [208].
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Scheme 1.2 Adapted fragmentation mechanism for MS3 analysis of [PC(p-
16:0/18:1) - CH3 - H] [208].

Deprotonated diacyl PE also forms the neutral loss of R2'CH=C=0 more

readily than R2’COOH [184]. Plasmanyl PE and plasmenyl PE have similar

fragmentation patterns as those seen in Scheme 1.1 [208]. Unfortunately, after
the initial loss of methyl acetate or methyl formate of the PC ions, PC and PE
fragments differ by 2 carbons. Therefore, there is some ambiguity in identifying
the lipids solely by the neutral loss of the sn-2 acyl chain and it is important to
ensure the complimentary fatty acyl carboxylate is also present in the spectrum.

For example, a negative ionization mode fragmentation of m/z 776.6 may include
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[PC(32:1) - HCO2] and [PE(39:6) - H]. A fragment at m/z 478.2933 would
represent [PC(16:1) - CH3 - H] and/or [PE(1g:1) - H]. The PC fatty acyl
composition is identified as PC(16:1/16:0) if m/z 255.2324 for [FA(16:0) - H] is
present and the PE fatty acyl composition is PE(18:1/21:5) if m/z 315.2324 for
[FA(21:5)-H] is in the spectrum.

Deprotonated diacyl PS, PI, PG and PA also form ions corresponding to

the neutral loss of R2’CH=C=0 and R’ COOH, but unlike PE and PC, the neutral

loss of Rz’-COOH is the dominant fragment. PI, PG and PA form these ions

directly whereas PS forms them after an initial loss of neutral serine, leaving a
fragment identical to a deprotonated PA ion. This can cause some ambiguity with
fatty acyl/alkyl/alkenyl identification similar to the PC and PE issue described
above, but can be resolved by the presence of the complimentary fatty acyl. All
neutral loss fragments formed by PS, PI, PG and PA are of odd nominal mass
due to the lack of nitrogen, but, other than PS and PA described above, form
unique neutral loss exact masses.

Sphingolipids, Cer and SM, may be structurally characterized in both
positive and negative ionization modes [204]. Cer lipids are analyzed from either
their deprotonated [209-211] acetate adducts [212] in negative ion mode.
Deprotonated Cer first loses HCHO from the terminal hydroxyl end with a
subsequent loss of the fatty acid group as a ketene [211]. For example, a d18:1

sphingosine base ceramide yields an ion at m/z 268.2640. In negative ionization
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mode, the formate adduct of SM is characterized by the neutral loss methyl

formate followed by the fatty chain [183]. For example, [SM(d18:1/16:0) + HCO2]

(parent mass at m/z 747.5652) yields an ion at m/z 449.3144 as the neutral loss
methyl formate and the 16:0 fatty chain from which the rest of the structure can
be deduced [183]. The same ions are formed from the acetate adduct following

the neutral loss of methyl acetate and the fatty chain [212].

1.3.5.2.4 Derivatization Techniques for MS Based Lipid Identification

FAMES have been derivatized for analysis by GC-MS to improve their gas
chromatographic properties and sensitivity, but derivatization has also been a
powerful tool for individual lipid identification using ESI-MS. Derivatization of free
fatty acids to form 3-acyl-oxymethyl-1-methylpyridinium iodide (AMMP) enhanced
their sensitivity by 2500-fold in positive ionization mode over the deprotonated
fatty acids in  negative ionization mode @ [213]. Tris(2,4,6,-
trimethoxyphenyl)phosphonium acetic acid (TMPP-AA) was used to derivatize
cholesterol to improve the ionization sensitivity as well as help identify other
endogenous lipids in serum [214]. A quaternary ammonium ion of DG was
formed using N-chlorobetainyl chloride by Li, et al. improving their intensities by
over two-fold compared to their underivatized sodiated adducts [215]. PE and
LPE have been derivatized using fluorenylmethoxylcarbonyl (Fmoc) chloride by
Han, et al. to improve the ionization efficiency in negative ionization mode [216].

Cholesterol-3-sulfate was created from free cholesterol by Sandhoff, et. al. to
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improve the sensitivity of detection by MS/MS [217]. The use of derivatization

reagents for quantitation will be discussed in section 1.2.6.4.

1.3.5.3 High Resolution MS (HRMS)

Until recently, the gold standard for lipidomic analysis was by either using
LC-MS/MS or “shotgun” CID-MS/MS on triple quadrupole mass spectrometer
platforms to monitor for the characteristic product ions or neutral losses for each
lipid class. However, quantification is difficult and in complex lipid extracts, the

possibilities of having nominal mass overlaps and the same characteristic
fragmentation exists. For example, [PC(33:1) + H]+ and [PC(0-34:1) + H]Jr both

have a m/z of 746 and both yield a characteristic fragment for the
phosphocholine headgroup at m/z 184. Differentiation of these two ions may be
accomplished by fragmentation in negative ionization mode, but the two species
can give some of the same nominal fragments if both are present. Ether lipids do
not yield deprotonated fatty alcohol ions so require the presence of ions which
have lost the fatty acyl as a neutral carboxylic acid. However, a diacyl lipid ion

which has lost the even carbon chain may yield the same ion as the ether lipid

which has lost the acyl chain (i.e. [PE(33:1) — FA(16:0) - H] = miz 464.2777,

[PE(0-34:1) — FA@6:0) — H] = m/z 464.3141). For mammalian systems, the

assumption made by many researchers is that the peak would be the ether lipid

since mammals do not synthesize odd chain fatty acids [218]. However, odd
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chain fatty acids may be present [219]. The presence of numerous relatively
abundant odd carbon fatty acid-containing phospholipids have recently been
reported using lipidomic analysis of macrophages and other human tissue and
cell extracts [115]. High resolution mass spectrometers (mass resolving power of
100,000) have the ability to differentiate between these lipid ions and therefore

can alleviate this issue.

1.3.5.3.1 Instrumentation for HRMS

High resolution/high mass accuracy mass spectrometers enable lipid
analysis based on exact m/z value and not necessarily through MS/MS
fragmentation. Quadrupole-Time of Flight (Q-TOF) instruments are useful for
lipidomic analysis as they are capable of > 10,000 mass resolving power (Full
Width at Half Max (FWHM)), <2 ppm mass accuracy and can perform rapid CID-
MS/MS product ion scans [111,220]. Fourier Transform lon Cyclotron
Resonance (FT-ICR) and Orbitrap mass spectrometers are capable of over
100,000 mass resolving power (at FWHM) and high mass accuracy (< 2ppm)
[101,143,176,221]. These instruments, whether used as mass analyzers
following LC separation or direct infusion, can differentiate ether-linked lipids
from odd numbered carbon chain lipids by their exact mass measurements for

assignment at the sum composition level.
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1.3.5.3.2 Differential Extraction for HRMS

No matter how high the mass resolving power of an instrument is, there
are multiple exact mass overlaps of lipid ions that are possible for complex
mixtures. One method that has been used to overcome this problem is using
differential extraction to separate the apolar lipids from the polar lipids for

analysis of a yeast lipidome [119]. First, apolar lipids are extracted with 17:1

CHCI3/MeOH which includes ergosterol, DG, TG, PC, LPC, PE, LPE, PG, and

Cer. Then, polar lipids (PA, LPA, PS, LPS, PI, LPI, CL, long-chain base
phosphate (LCBP), inositolphosphoceramide (IPC), mannosyl-

inositolphosphoceramide (MIPC), and mannosyl-diinositolphosphoceramide

(M(IP)2C)) are extracted with 2:1 CHCI3/MeOH. These fractions are run

separately by direct infusion assuming all lipids contain only even chain species.
The drawbacks are that this technique requires additional sample handling

(additional extraction) and does not allow for odd chain lipid species to be

differentiated from even chain species (i.e. [PC(31:0) + H]+ = [PE(34:0) + H]+).

1.3.5.3.3 High Resolution MS/MS

High resolution mass spectrometers with CID-MS/MS capabilities enhance
the unambiguous identification of lipids by having the ability to differentiate

between species which produce fragments with the same nominal mass, but
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different exact masses. Even with high resolution, MS identification of sum
composition identity, only nominal mass isolation for CID-MS/MS can be
achieved. Thus, high resolution detection MS/MS is needed. This ability for
identification of lipid fatty acid moieties has been demonstrated by Schuhmann,
et al. using an Orbitrap mass analyzer to identify 221 molecular lipids in rat retina
[222] as well as 331 and 222 molecular lipid species in bovine heart extract and

human blood plasma, respectively, using polarity switching [223] .

1.3.5.4 Lipid Quantification and Data Analysis

1.2.6.4.1 Internal Standard Methods

MS or MS/MS based quantitation of lipids can be achieved by the use of
several exogenous internal standards which can be added before [185] or after
[224] lipid extraction. Lipid ionization efficiency, ion transmission through the
mass spectrometer and fragmentation efficiency for PIS and NLS can be affected
by lipid type (i.e. phospholipid headgroup) which can limit the utility of internal
standards for quantitative analysis. Typically, all lipids of a lipid sub-class are

guantified by comparison of a single internal standard (e.g. all PE lipids are

compared to PE(28:0) internal standard). Unfortunately, ion transmission can also

be affected by carbon length and degree of unsaturation. For these reasons, the
use of several internal standards for each sub-class of interest would be needed

for absolute lipid ion quantitation [225]. This may not be feasible with complex
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lipid extracts as hundreds of exogenous lipid standards may not be commercially

available.

1.3.5.4.2 Derivatization Strategies

Isotope encoded derivatization reagents have also been employed to
enable the quantitation of lipids. These multiplexing techniques have been
focused on identifying alterations in relative abundance among lipids in samples.

Yang, et al. performed quantitative analysis of fatty acids by using 3-acyl-

oxymethyl-1-methyl-d3-pyrididinium iodide derivatized standard fatty acid

solutions compared to serum fatty acids derivatized with 3-acyl-oxymethyl-1-
methyl-pyrididinium iodide [213]. Han et al previously described a method
involving 9-fluorenylmethoxylcarbonyl chloride (Fmoc-Cl) derivatization of
phosphoethanolamine-containing lipids (PE and lysoPE) in extracts from mouse
retinas, to provide enhanced sensitivity for their identification and quantification in
negative ion mode using MS and MS/MS [216]. Zemski Berry et al. reported a
similar strategy, involving the use of isotopically labeled N-methylpiperazine
acetic acid NHS ester [226,227] or 4-(dimethylamino)benzoic acid NHS ester
[228,229] reagents for the comparative quantitative analysis of diacyl, ether, and
plasmalogen PE lipids in a RAW 264.7 macrophage cell line. Sandhoff, et al.
used sulfated '3C isotope encoded cholesterol standards to quantify free
cholesterol from serum derivatized to cholesterol-sulfate [217]. Importantly, Han

et al. also noted an additional significant benefit of derivatization, i.e., that PE
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species are shifted in mass from the region of the mass spectrum where they
could potentially overlap in nominal mass with other lipid classes (e.g.,
phosphatidylinositol) [216], thereby facilitating quantification of both the

derivatized and non-derivatized lipids.

1.3.5.4.3 Software for MS Lipid Data Analysis

With the extensive amount of data that can be acquired through MS and
MS/MS lipidomic methods, it is necessary to have software that can process the
data by peak identification and isotope correction. There are two different types
of software with these functions: software utilizing either a predefined or in-silico
generated library database. Fatty Acid Analysis Tool (FAAT) [230], LipID [231],
LipidProfiler [224], LipidSearch [232], LIpid Mass Spectrum Analysis (LIMSA)
[233] are examples of software that are based on predefined lipid library
databases. However, lipid library databases are time consuming to set up as
each lipid ion along with its various adducts/fragments must be added
individually. However, once the databases are complete, these software tools
can be beneficial to many different analysis strategies. In contrast, LipidXplorer
[234,235] and Lipid Qualitative/Quantitative Analysis (LipidQA) [236] generate
the lipid structures in-silico prior to data analysis. LipidXplorer identifies peaks
based on a query language which is set up by the user and selected by lipid
class for each analysis; queries are created with molecular ion and/or fragment

information for identification. With even 100,000 resolution, “shoulders” of peaks
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still exist which can be seen and corrected for in profile mode, but may be
combined in centroid mode. LipidQA requires MS/MS spectra to be collected as it
uses an in-silico generated library of MS/MS spectra and established
fragmentation behaviors (as described in section 1.2.6.2) to identify lipids from
the MS spectra. Many of these software analysis tools were established with a
specific workflow/instrument in mind and therefore require some modification to

language or code for utilization with other lipidome profiling methods.
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Chapter 2

Development of a Sequential Derivatization Strategy for High Resolution MS

Based Comprehensive Lipidome Analysis

2.1 Introduction

Mass spectrometry is an excellent choice for comprehensive lipidome
analysis because of its capabilities for rapid and sensitive monitoring of the
molecular compositions and abundances of individual lipid species in complex
lipid extracts obtained from limited quantities of sample tissue, with only minimal
need for sample preparation, as well as the potential for structural
characterization of individual lipid species using tandem mass spectrometry
(MS/MS) methods [155,171,172]. However, there are several caveats associated
with the use of MS methods for lipidome analysis. First and foremost is the
structural diversity and complexity of the lipid mixtures that can result from
extraction of a given cell or tissue. Adding to the diversity of the lipid classes and
sub-classes discussed in Chapter 1, fatty acyl chains typically linked to the sn-1

position may alternatively be substituted with an ether linkage; a plasmenyl vinyl-

Part of the results described in Chapter Two were published in:

Fhaner, C. J., Liu, S., Ji, H., Simpson, R. J., Reid, G.E., Comprehensive
lipidome profiling of isogenic primary and metastatic colon adenocarcinoma cell
lines. Anal. Chem. 2012, 84, 8917-8926.

Fhaner, C. J., Liu, S., Zhou, X., Reid, G. E., Functional group selective
derivatization and gas-phase fragmentation reactions of plasmalogen
glycerophospholipids. Mass Spectrom. 2013, 2, S0015.
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ether (i.e., -O-alk-1"-enyl or plasmalogen) bond, or a plasmanyl alkyl-ether (i.e.,
1-O-alkyl) bond. Also, hydrolysis of the acyl chain from the sn-2 position results
in the formation of a lysophospholipid species. Individual lipid ions containing

different head group and acyl chain compositions, but with the same nominal

mass values (e.g., phosphatidylserine (PS) [PS(16:1/22:6) + H]+ and [PC(16:0/22:6)

+ H]+, Am = 0.0727), can typically not be identified on the basis of their m/z

values alone when using mass analyzers with only unit mass resolving power
(e.g., ion traps or triple quadrupoles). Furthermore, other lipids belonging to
different subclasses, but with isomeric molecular structures, can yield ions with
the same exact m/z, and therefore cannot be distinguished from one other even
when using high resolution/accurate mass instrumentation. For example,

plasmanyl-ether lipids containing one additional site of unsaturation compared to

plasmenyl-ether containing lipids, with the same head group (e.g., [PC(p-36:0) +

H]+ = [PC(0-36:1) + H]+), are observed at the same exact m/z in positive

ionization mode. Additionally, isomeric lipid species with the same head group,

but differing in their individual sn-1 and sn-2 acyl chain compositions (e.g.,

PC(16:0/22:5) and PC(18:1/20:4)), will all be present at the same exact m/z value.

Also, certain lipids that have different molecular elemental compositions may
actually yield ions with the same ionic elemental compositions (i.e., the same
exact m/z), depending on the ionic adduct that is formed upon electrospray
ionization (ESI) MS. For example, during positive ion mode ESI-MS in the

presence of ammonium salts, phosphatidic acid (PA), phosphatidylglycerol (PG)
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and phosphatidylinositol (PI) lipid ions are observed as ammonium adducts
whereas PC, PE and PS lipids are observed as protonated ions. Under these
conditions, PA lipids containing 2 additional carbons and 1 double bond in their
acyl chains can yield ions with the same exact m/z as a protonated PE lipid.

Similarly, PG lipids containing the same number of carbons and 2 additional

double bonds will have the same m/z as a protonated PS lipid (e.g., [PA(36:2) +

NH4]+ = PE(34:1) + H]+ and [PG(34:3) + NH4]+ = PS(34:1) + H]+). The protonated

ions of certain lipid species containing an even number of carbons in their acyl

chains can overlap at the same exact m/z with lipids containing an odd number of

carbons in their acyl chains but with different head groups (e.g., [PC(33;2)+H]+ =

[PE(36;2)+H]+ = [PA(38;3)+NH4]+). Finally, low abundance lipid species that are

present at or below the level of chemical noise present within a mass spectrum
are typically not identified by MS measurements alone, particularly when using
low resolution instruments.

Traditionally, to overcome these issues when using direct infusion
‘shotgun’ MS approaches [155], identification, structural characterization and
guantitative analysis of the individual members of a given lipid class that may be
present within a complex unfractionated lipid mixture has been accomplished by
using a series of neutral loss and precursor ion MS/MS scans in triple quadrupole
mass spectrometers [182,237], or by using product ion MS/MS scans in an ‘ion
mapping’ mode in high resolution quadrupole time-of-flight mass spectrometers

[111,220], based on the characteristic fragmentation behavior of their individual
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headgroup or acyl chain substituents. Although such methods are well
established and widely used, the throughput of these approaches can be limited,
as individual scans are required for the analysis of each different lipid class (for
the triple quad approach) or precursor ion m/z value (for the quadrupole time-of-
flight approach). For example, for the glycerophospholipids, each of the 7
different head groups have their own characteristic fragmentation patterns and
require separate neutral loss and precursor ion MS/MS scans for their
identification and quantification [182,237]. Also, for other lipid classes or
subclasses, such as glycerolipids and some sphingolipids, additional sample
preparation steps are commonly required to remove other potentially interfering
lipids prior to MS/MS analysis [117,182].

Liquid chromatography (LC) [167,169] may be employed for the
separation of lipids prior to MS and/or MS/MS [114] analysis, resulting in less
complex spectra and potentially enabling the separation of individual lipids with
the same nominal or exact m/z values. However, the analysis times associated
with these approaches can be relatively slow, and the quantitation of individual
lipids can be compromised in complex mixtures due to excessive tailing [238] or
overlap of peaks in the chromatogram [185].

The recent development of ultra-high resolution/accurate mass analyzers
based on FT-ICR or Orbitrap platforms has opened the door to the possibility of
employing high-throughput direct infusion ‘shotgun’ mass spectrometry for the
simultaneous analysis of multiple lipid classes without prior separation, and with

a reduced need for extensive MS/MS analysis [119,208,222,223,239]. Ultra-high
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resolution (=100,000) readily provides the ability to separate lipid ions with the
same nominal m/z values, with substantially improved signal-to-noise and
dynamic range compared to lower resolution instruments for the detection of low
abundance lipid species that may be present within a complex crude lipid extract.
Unfortunately, the differentiation of isobaric mass lipid ions remains an issue.
One approach that has been employed to overcome the exact mass overlap
problem has been to perform multistep lipid extractions to separate apolar lipids
(including PE and PG) from polar lipids (including PA and PS) [119]. However,
these methods require additional extraction steps which could result in increased
experimental error for subsequent quantitative analysis. Performing MS analysis
in negative ion mode can be used to eliminate the possibility of m/z overlap for
certain lipids; however, the ionization efficiency of many lipid classes in negative
ionization mode can be much lower than in positive ionization mode, unless
different solvent systems are used for positive and negative ion modes [119],
thereby limiting the ability to identify lipids present at trace abundances using this
method alone. Furthermore, similar to that described above for positive
ionization mode MS analysis, some lipids that have different molecular elemental
compositions can also yield ions with the same m/z in negative ionization mode,
depending on the ionic adduct that is formed. For example, the acetate adducts

of PC lipid ions can overlap in exact m/z with deprotonated PS lipids containing
four additional acyl chain carbons and one less double bond (e.g., PC(32:2) +
C2H302] = [PS(36:1) - H]), while formate adducts of PC lipids can overlap with

deprotonated PS lipids containing 3 additional acyl chain carbons and one less
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double bond (e.g., [PC32:2) + CHO2 | = [PS35:1) - H]). Finally, while
differentiation of isobaric mass plasmenyl- and plasmanyl-ether containing

glycerophospholipid species can be achieved by the use of CID-MS3 methods

[208], the practical application of this approach is limited for the analysis of very
low abundant species that may be present in complex extracts. Thus, further
development is required in order for ultra-high resolution/accurate mass
spectrometry methods to become more generally applicable for use in
guantitative lipidome profiling.

In this chapter, a ‘shotgun’ lipidomics strategy consisting of sequential
functional group selective chemical modification reactions coupled with high-
resolution / accurate mass spectrometry and ‘targeted’ tandem mass
spectrometry (MS/MS) analysis is developed and applied to the complex, crude
lipid extract of the primary colorectal cancer cell line, SW480. Selective chemical

derivatization of glycerophosphoethanolamine and glycerophosphoserine lipids

using a ‘fixed charge’ sulfonium ion containing and isotopically labeled (either dg-

or 13C1-), S,S’-dimethylthiobutanoylhydroxysuccinimide ester (DMBNHS)

reagent was used to eliminate the possibility of isobaric mass overlap of these
species with the precursor ions of all other lipids in the crude extract thereby
enabling their unambiguous assignment. Further subsequent selective mild acid
hydrolysis using formic acid, or derivatization with iodine and methanol, of
plasmenyl containing lipids enabled these species to be readily differentiated

from isobaric mass plasmanyl containing lipids. Additionally, the positive
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ionization mode tandem mass spectrometry fragmentation behavior of the
iodine/methanol derivatized plasmenyl ether containing glycerophosphocholine
and glycerophosphoethanolamine lipids are shown yield abundant characteristic

product ions that directly enable the assignment of their molecular lipid identities.

2.2 Selective Derivatization of  Aminophospholipids  with  dg-S,S’-

Dimethylthiobutanoylhydroxysuccinimide Ester  (dg-DMBNHS) and  °Cj-

DMBNHS

Derivatization of aminophospholipids was achieved by use of dg and 13C1

isotopically labeled and N-hydroxysuccinimide containing ester, S,S'-
dimethylthiobutanoylhydroxysuccinimide ester (DMBNHS) [240]. Although this
reagent was originally synthesized for use in analysis of peptides, it is useful in
the derivatization of aminophospholipids as well since both aminophospholipid
sub-classes (PE and PS) have isobaric overlaps with other sub-classes (PC/PA

and PG, respectively).

2.2.1 Characterization of the Reactivity and Specificity of Aminophospholipids

with DMBNHS

An SW480 cell extract was used to monitor the reactivity and

specificity of the derivatization of primary amine functional group containing
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lipids, PE and PS. The cells were extracted using a modified Folch [108,110]

method (See Chapter 5) and spiked with PC(14:0/14:0), PE(14:0/14:0) and

PS(14:0/14:0) internal standards. Samples were derivatized using concentrations

of de-DMBNHS of OM, 0.5M, 0.25M, 0.125M, 0.0625M, 0.05M and 0.025M in

CHCI3 with 1.1x TEA and reaction times of 5, 10, 20, 30 and 60 minutes (data

not shown). A concentration of 0.125M for 30 min. was chosen as the best
reaction conditions for derivatization.

Figures 2.1A and 2.1B show the high resolution mass spectra acquired

from the crude SW480 lipid extracts prior to and following derivatization with dg-

DMBNHS, respectively, in m/z ranges 744-751. It can be seen that several ions
have either disappeared or are reduced in abundance in figure 2.1B compared to
the underivatized spectrum (Figure 2.1A), indicative of the presence of PE and

PS lipids. For example, m/z 744.5545 in Figure 2.1A, that could potentially

contain both [PE(36;2)+H]+ and [PA(38;3)+NH4]+ lipids, is not present in Figure
2.1C, and therefore can be assigned exclusively as containing [PE(36;2)+H]+.
Similarly, m/z 748.5279, m/z 748.5487 and m/z 750.5433 can assigned as
exclusively containing [PE(p-38:6) and/or PE(O_38;7)+H]+, [PS(p-34:0) and/or
PS(().34;1)+H]Jr and [PE(p-38:5) and/or PE(O_38;6)+H]Jr lipids, respectively. In
contrast, the ion at m/z 746.5707 in Figure 2.1A was observed to decrease in
relative abundance but not disappear upon derivatization of the crude lipid
extract, indicating the presence of both [PE(36;1)+H]Jr and [PA(38;2)+NH4]+ lipid
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species at this m/z. The ratio of the ion abundances observed before and after

derivatization can be used to obtain some qualitative measure of the relative

abundance of the two species at this m/z (i.e., approx. 30% [PE(36;1)+H]Jr and

70% [PA(33;2)+NH4]+, assuming similar ionization efficiencies). Other ions in the

spectrum, corresponding to non-derivatized lipids, were observed to undergo a

uniform decrease in absolute abundance after the dg-DMNBHS derivatization

reaction, presumably due to the presence of the excess derivatization reagent

causing some ionization suppression in the sample. However, the relative

abundance of these lipids compared to the internal standard PC(14:0/14:0) lipid

were not altered between the derivatized and non-derivatized samples, indicating
that the ability to perform relative quantitative analysis based on the observed %
total ion abundances would not be impaired. Using this reagent, the ability to
separate PE lipid ions from PC and PA lipid ions and the ability to separate PS

lipid ions from PG lipid ions is successfully achieved.
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Figure 2.1 Positive ion mode ESI high-resolution mass spectrometric analysis of
a crude lipid extract from the SW480 human adenocarcinoma cell line. Expanded
regions (m/z 744-751) of the ESI-mass spectrum obtained from the (A)
underivatized crude lipid extract and (B) reaction with the amine-specific

derivatization reagent, dg-DMBNHS. The insets to each panel show an expanded
region of the spectrum from m/z 748.4-748.8.

To account for the individual contributions of the potentially overlapping

even chain length [PA + NH4]Jr ions and odd chain length [PC + H]+ ions at a

given m/z value in the positive ion mode MS spectra, the lipid extracts were also
analyzed in negative ionization mode (data not shown). No overlap of PA lipids

with other lipid species occurs in negative ion mode, and similar sensitivity was
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obtained for the deprotonated PA lipids compared to the positive ion mode
ammoniated PA adducts (determined here by comparing the ion abundances of
a series of PA lipid standards analyzed in both negative and positive ion modes;
data not shown). Thus, assignment of the PA lipids in this study was performed
using the negative ion mode data. Importantly, using the experimental conditions
described in Chapter 5, the precursor ion abundances for all the other lipid
classes and subclasses reported in this study were determined to be greater in
positive ion mode, so assignment of these species was performed using the
positive ion mode data. The contribution of the PA lipids to the positive ion mode
odd chain PC lipid ion abundances were then subtracted after applying a
correction factor determined by measuring the ratio of ion abundances for the
series of PA lipid standards measured in both positive and negative ion modes.
After performing this correction, with the exception of four cases in which both
even-numbered chain length PA and odd-numbered chain length PC ions were
found to be present (and when overlap was possible), only the odd-numbered

chain length PC lipids were observed. For example, m/z 748.5853 in Figure 2.1B,

could be exclusively assigned as containing [PC(;~,3~,;0)+H]+ rather than

[PA(38:1)+NH4]+-

Figures 2.2A and 2.2B show expanded regions from m/z 880-887 which
correspond to the m/z regions in which the PE and PS lipids from Figure 2.1A
and 2.1B are relocated, respectively, after the ds-DMBNHS derivatization
reaction. This region of the mass spectrum is also occupied by ions

corresponding to the ammonium ion adducts of Pl and TG containing lipids (e.g.,
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[Pl36:2)+NH4]" and [Pl36:1y*+NH4]" at m/z 880.5909 and 882.6065, respectively,

and [TG(52;0)+NH4]+ at m/z 880.8326), but there is no mass overlap with the PE

and PS species that appear upon derivatization (e.g., PE(36:2) at m/z 880.6366,

PE(36:1) at m/z 882.6520, PE(p-38:6) and/or PE(0-38:7) at m/z 884.6104, PEp-

38:5) and/or PE(0-38:6) at m/z 886.6257, and PS(p-34:0) and/or PS(0-34:1) at m/z

884.6316).
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Figure 2.2 Positive ion mode ESI high-resolution mass spectrometric analysis of
a crude lipid extract from the SW480 human adenocarcinoma cell line. Expanded
regions (m/z 800-887) of the ESI-mass spectrum obtained from the (A)
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Figure 2.2 (Cont'd) underivatized crude lipid extract and (B) reaction with the
amine-specific derivatization reagent, dg-DMBNHS.

2.2.2 Sensitivity Enhancement of DMBNHS Derivatized Aminophospholipids

Along with the ability to resolve the PE lipids from PC and PA, and PS

lipids from PG, derivatization with the de-DMBNHS reagent also provides an

additional benefit of significantly increasing the PE and PS lipid ionization
efficiencies, thereby enhancing the dynamic range for their detection and

guantification. For example, the PE lipid ion at m/z 750.5433 in Figure 2.1A,

which contains either [PE(p-38:5) + H]+ or [PE(0-38:6) + H]+, had an intensity of

3.48E4, whereas its dg-DMBNHS derivatized ion at m/z 886.6257 in Figure 2-1B

was observed with an intensity of 2.13E5. Similarly, the PS lipid at m/z 748.5487,
either [PS(p-34:0) + H]+ or [PS(0-34:1) + H]+, had an intensity of 1.26E3 in the

underivatized spectrum in Figure 2.1A, (note that this ion is present at a relative
abundance of only 0.05% compared to the most abundant ion in Figure 2.1A),
but yielded a derivatized ion at m/z 884.6316 in Figure 2.2B with an intensity of
2.99E3. Overall, the average fold change increase in intensity after derivatization
was found to be 6.08 + 0.39 for the PE lipids and 3.31 £ 0.37 for the PS lipids.
These results are similar to those previously reported using other methods for
aminophospholipid derivatization [216,226-229], as well as to those recently
reported from the use of the DMBNHS reagent to enhance the ionization

sensitivity of derivatized phosphopeptides subjected to RP-HPLC-ESI-MS [241].
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Notably, the increase in ion intensity observed here allows numerous PE and PS

lipids to be identified from the dg-DMBNHS derivatized spectrum, that otherwise

would be too low in abundance to assign from the underivatized spectrum.

2.3 Derivatization and Selective Differentiation of Ether Lipids

The most common types of phospholipids and glycerolipids have fatty
acids linked by an ester bond to the glycerol moiety. Ether bonds are also
observed and can either be in the form of an alkyl ether (plasmanyl or O-) or a
vinyl ether (plasmenyl or P-) (see Figure 1.1). In this case, unsaturation sites

further down the chain make isobaric overlaps between plasmanyl and plasmenyl

lipids possible (i.e. PE(p-34:0) = PE(0-34:1))-

2.3.1 Identification of Plasmalogen Lipids by Acid Hydrolysis

The de-DMNBHS derivatization reaction allowed the PE and PS ions to be
effectively resolved from PC and/or PA and PG lipids at the same m/z,
respectively, thereby allowing their separate identification and quantification.
However, the differentiation of isobaric mass unsaturated plasmanly-ether lipids
from plasmenyl-ether containing lipids could not be achieved using this strategy
alone. Murphy et al. previously demonstrated that plasmenyl lipids can be
selectively acid hydrolyzed by performing lipid extraction in a 0.2N HCI solution

[187,242]. However, this technique requires an additional liquid-liquid extraction
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step prior to analysis, which may result in increased sample loss or increased
variance for subsequent quantitative analysis.

In contrast, it was determined here that 80% formic acid can also be used
to selectively and completely hydrolyze plasmenyl-ether containing lipids, without
degradation of diacyl or plasmanyl-ether lipid containing species, and without a
requirement for an additional extraction step prior to analysis. For example,
expanded regions of the mass spectrum obtained following mild formic acid
hydrolysis of crude lipid extract from the SW480 cell line are shown in Figures

2.3A and 2.3B. The ion at m/z 746.6055 in Figure 2.1A, potentially containing
[PC(O.34;1)+H]+ and/or [PC(p_34;0)+H]+ lipids, underwent essentially no change in
abundance after formic acid treatment in Figure 2.3A, and therefore can be
assigned as exclusively containing the [PC(O_34;1)+H]+ plasmanyl-ether lipid
species. In contrast, m/z 744.5904, whose accurate mass indicated the presence
of [PC(Q.34;2)+H]+ and/or [PC(p_34:1)+H]+ lipids, decreased in abundance by

approximately 50%, indicating that this ion contains both plasmanyl- and
plasmenyl-ether PC lipid species. In figure 2.3B, ions containing the diacyl Pl and
triacyl TG lipids remain at roughly the same abundances present in Figure 2.2A,

as expected.
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Figure 2.3 Positive ion mode ESI high-resolution mass spectrometric analysis of
a crude lipid extract from the SW480 human adenocarcinoma cell line following
mild formic acid hydrolysis. (A) Expanded region (m/z 744-751) of the ESI-mass
spectrum and (B) expanded region (m/z 880-887) of the ESI-mass spectrum.

2.3.2 Identification of Plasmalogen Lipids via Derivatization with lodine and

Methanol

Although it is possible to differentiate between plasmanyl and plasmenyl

lipids by comparing the acid hydrolyzed samples to the non-hydrolyzed samples,
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this requires the collection of separate spectra and more time for data analysis.
Also, quantitation is difficult. In 1946, Siggia and Edsberg described a simple
method for labeling vinyl alkyl ether bonds with iodine and methanol, with
guantification by titration [243]. The method was later adapted for the
guantification of plasmenyl ether lipids by back titration [244] and, later,
potentiometry [245]. This method, as described in Chapter 5, was adapted here

for the analysis of plasmenyl lipid by MS and MS/MS by buffering the reaction

with ammonium bicarbonate (NH4HCO3). Adjusting the solvent and iodine

concentration and performing the reaction at 0°c prevents acid hydrolysis by the

formation of HI during the reaction and ensures the reaction is specific to the
vinyl ether bond of the plasmenyl lipids. An overall scheme for this reaction is

shown in Scheme 2.1.

0 i
Rg')ko oH _ l2/MeOH Rz o oH
R4 '\:/O\)\/O_I#_O/X 0°C R HO O_l':')_o
o) | OCH ©
3

Scheme 2.1 Reaction of plasmenyl phospholipids with iodine and methanol.

To demonstrate the selectivity and completeness of the iodine and
methanol reaction conditions described above for the derivatization of plasmenyl

ether lipids, the positive ion mode high-resolution mass spectra acquired from a

mixture of synthetic lipid standards (PE(18:0/22:6), Mm/z 792.5494, PC(18:1/18:1),

m/z 786.5963, PC(18:2/18:2), M/z 782.5652, TG(14:0/16:1/14:0), M/z 766.6880,
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TG(16:0/16:0/18:1), M/z 850.7812, TG(18:1/16:0/18:1), M/z 876.7966 and
TG(18:0/18:0/18:1), m/z  906.8432), including two plasmenyl ether
glycerophospholipids (PE(p-18:0/22:6), m/z 776.5551 and PC(p-18:0/22:6), M/z

818.6014), before and after reaction with iodine/CH30H, are shown in Figures

2.4A and 2.4B, respectively.
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Figure 2.4 Positive ionization mode ESI high-resolution mass spectrometric
analysis of a mixture of PC, PE and TG synthetic lipid standards, including two
plasmenyl ether containing PC and PE lipids (A) without derivatization and (B)
after reaction with iodine and methanol. The insets to each panel show an
expanded region (m/z 760-825) of the mass spectra containing the underivatized
plasmenyl PC and PE lipids.
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From these spectra, it can be seen that complete and selective reaction of
the plasmenyl ether lipids within the mixture had occurred, with new ions
corresponding to the derivatized plasmenyl PE and PC lipids appearing at m/z

934.4768 (i.e., the addition of 157.9217 Da) and m/z 976.5235 (i.e., the addition

of 157.92221 Da), respectively, consistent with the addition of [+OCH3

(calculated mass 157.9229 Da). A low abundance ion at m/z 902.4502

corresponding to the in-source loss of methanol from the [PE(p-18:0/22:6) + H + |

+ OCH:»,]Jr ion was also observed. Importantly, despite the presence of numerous

mono- and poly-unsaturated fatty acids within the other lipids in the standard
mixture, no reaction of these lipids was observed. Furthermore, no change in the
relative sensitivity was observed for any of the underivatized or derivatized lipids

following the reaction.

2.3.3 Characterization of the Fragmentation Behavior of DMBNHS Derivatized

Lipids

Derivatization of PE and PS lipids with DMBNHS not only removes
isobaric overlaps with other species and increases the ionization sensitivity in
positive ionization mode, it also changes the fragmentation behavior of both
types of lipids. The DMBNHS derivatized diacyl PE and PS fragmentation
behavior was investigated by a former member of the group and discussed in her

thesis [246]. Note that plasmanyl and plasmenyl species, which lack the carbonyl
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oxygen on the sn-1 position undergo different fragmentation pathways.
Plasmanyl PE and PS fragmentation is similar to that of diacyl PE and PS without
the loss of the sn-1 fatty alcohol chain. MS/MS spectra and proposed
fragmentation mechanisms for the plasmenyl species will be discussed in the

next few sections.

2.3.3.1 Characterization of the Fragmentation Behavior of lodine/Methanol

Derivatized Plasmalogen PC Lipids

CID-MS/MS of protonated plasmenyl ether PC lipids in positive ionization
mode results in the formation of a dominant product ion fragment at m/z
184.0739, corresponding to the phosphocholine headgroup (Scheme 2.2,
pathway a), while the product ion corresponding to characteristic loss of the
plasmenyl chain as a neutral alkenyl alcohol (note that an analogous loss is not
observed for plasmanyl ether containing PC lipids) (Scheme 2.2, pathway b)

[247], is observed only at very low abundance. An example is shown in Figure
2.5A for HCD-MS/MS of the PC(p-18:0/22:6) lipid from Figure 2.4A. In negative
ionization mode, CID-MS/MS of the acetate or formate adducts of plasmenyl PC
lipids results in initial loss of methyl acetate or methyl formate, followed by the
formation of a low abundance product ion corresponding to neutral loss of the sn-

2 fatty acid. However, as this dissociation behavior does not allow the

differentiation of plasmenyl or plasmanyl ether chains, further dissociation by

MS3 Is typically required [208]. Thus, the low abundance of the characteristic
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product ion in positive ion mode MS/MS, and the necessity for MS3 in negative

ion mode, can severely limit the applicability of these methods for the analysis of
very low abundant plasmalogen PC lipids that may be present within a complex

crude lipid extract.
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Scheme 2.2 Proposed CID-MS/MS fragmentation mechanisms for the plasmenyl

ether containing PC(p-18:0/22:6) lipid, prior to and following reaction with iodine
and methanol. The m/z values shown correspond to the calculated masses of the
various product ions.
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Figure 2.5 Positive ionization mode ESI high-resolution HCD-MS/MS analysis of

the synthetic lipid standard PC(p-18:0/22:6) (A) without derivatization and (B) after
reaction with iodine and methanol. The horizontal arrows in panel B indicate the
fragmentation pathways that were observed upon performing ion trap multistage

CID-MS" of the derivatized PC precursor ion.

In contrast, positive ion mode HCD-MS/MS of the iodine/CH;OH
derivatized plasmenyl PC lipid (i.e., [PC(p-18:0/22:6) + | + OCH3 + H]+ (m/z

976.5279) from Figure 2.4B) (Figure 2.5B), resulted in the formation of a

dominant product ion corresponding to characteristic cleavage of the derivatized

plasmenyl ether chain with neutral loss of a characteristic R1’'CICHOCH3 alkene

(m/z 568.3392), that directly enabled assignment of the molecular lipid identity
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(i.e., PC(p-18:0/22:6) rather than PC(0-18:1/22:6)), as well as an abundant product

ion at m/z 944.5017 corresponding to the loss of methanol, both of which also
underwent further dissociation to yield the abundant PC headgroup specific ion at
m/z 184.0734. Mechanistic proposals for formation of each of these product ions,
supported by the high resolution/accurate mass performance of the Orbitrap
mass spectrometer, and data acquired via ion trap multistage CID-MS"
experiments (the sequential fragmentation pathways observed from these
experiments are shown as dotted lines in the Figures), are shown in Scheme 2.2,
pathways ¢ and d, respectively. Note that the low abundance ion at m/z

694.2357 in Figure 2.5B, corresponding to loss of the snl alkenyl chain as a

neutral RRCHCHOCH3 alkene via the pathway proposed in Scheme 2.2, pathway

e, is likely to be observed only for C22:6 fatty acyl chain containing plasmenyl
lipids, due to the specific sites of unsaturation located within this particular acyl

chain.

2.3.3.2 Characterization of the Fragmentation Behavior of lodine/Methanol

Derivatized Plasmalogen PE Lipids

A comparison of the HCD-MS/MS spectra acquired from the protonated

and iodine/CH30H derivatized plasmenyl ether PE(p-18:0/22:6) lipid precursor

ions, are shown in Figure 2.6A and B, respectively. The abundant product ions at

m/z 385.2738 and m/z 392.2924 observed upon dissociation of the underivatized
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protonated plasmenyl PE lipid from Figure 2.4A (Figure 2.6A), corresponding to
loss of the sn-2 acyl and sn-1 alkenyl chains, respectively, directly enable
assignment of the molecular lipid identity. These products are consistent with
those previously reported by Zemski Berry and Murphy, who also provided a

sound mechanistic rationale for their formation (Scheme 2.3, pathways a and b)

[187].
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S 635.5393
g 508.2819 | 758.5476
(] v T T — : ' : )
2 200 300 400 500 600 700 800
S B
p 902.4546
© 100
3 385.2736
E ) <
@ p .
d 4 4 .....
518.1885 774.5420
1926.2923 1884.443
508.2817| 761.4356, e 9345

200 300 400 500 600 700 800 900 1000
Figure 2.6 Positive ionization mode ESI high-resolution HCD-MS/MS analysis of

the synthetic lipid standard PE(p-18:0/22:6) (A) without derivatization and (B) after
reaction with iodine and methanol. The horizontal arrows in panel B indicates the
fragmentation pathways that were observed upon performing ion trap multistage

CID-MS" of the derivatized PE precursor ions.
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Scheme 2.3 Proposed CID-MS/MS fragmentation mechanisms for the plasmenyl

ether containing PE(p-18:0/22:6) lipid, prior to and following reaction with iodine
and methanol. The m/z values shown correspond to the calculated masses of the
various product ions.

In contrast, the primary fragmentation pathway for the iodine/CH3;OH
derivatized plasmenyl ether PE(p-18:0/22:6) lipid from Figure 2.4B (Figure 2.6B)
corresponded to the loss of methanol (m/z 902.4546) (Scheme 2.3, pathway c).

A lower abundance product ion formed via the neutral loss of the characteristic
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R,'CICHOCH; alkene (m/z 526.2923) (Scheme 2.3, pathway d) was also
observed, analogous to that proposed in Scheme 2.2, pathway c for the

iodine/CH3OH derivatized plasmenyl PC lipid, from which the molecular lipid

identity could be directly assigned (i.e., PE(p-18:0/22:6) rather than PE(o-
18:1/22:6)). Further dissociation of the m/z 902.4546 product ion during HCD-

MS/MS (or by CID-MS3) resulted in the formation of product ions similar to those

observed for the underivatized PE lipid (e.g., compare Scheme 2.3, pathways e
and f for the formation of m/z 385.2736 and m/z 518.1885, with Scheme 2.3,
pathways b and a, respectively). Several other minor products were also
observed, including m/z 508.2817, formed via the pathway proposed in Scheme

2-5 pathway g, as well as m/z 884.4430, m/z 774.5420 and m/z 761.4356 formed

via the losses of H20, HI and the phosphoethanolamine head group,

respectively.

2.4 Sequential Modification of Aminophospholipid and Plasmalogen Lipids

Derivatization of the aminophospholipids enables the differentiation of
protonated PE lipids from protonated PC and ammoniated PA lipids as well as
protonated PS lipids from ammoniated PG lipids, but cannot differentiate
between plasmanyl and plasmenyl lipids. Furthermore, acid hydrolysis and
derivatization with iodine and methanol allow differentiation between plasmanyl

and plasmenyl lipids, but do not determine the headgroup of the phospholipids.
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Sequential reaction, first with DMBNHS followed by either acid hydrolysis of a
portion of the sample or followed by derivatization with iodine and methanol
enables both lipid sub-class identification but also the nature of the ether bond of

the plasmanyl or plasmenyl lipids.

2.4.1 dg-DMBNHS and Acid Hydrolysis

Figures 2.7A and B show expanded regions, 744-751 and 880-887,

respectively, of the mass spectra from the SW480 cellular extract derivatized with

de-DMBNHS followed by acid hydrolysis. Figure 2.7A is very similar to Figure

2.3A as many of the PE species present in this region of the mass spectrum
correspond to plasmenyl species which were hydrolyzed in Figure 2.3. Upon
formic acid hydrolysis, ions in Figure 2.7B containing the diacyl Pl and PE lipids
and triacyl TG lipids remained at essentially the same abundances as those in

Figure 2.2B, as expected. The ion at m/z 884.6316 also remained at the same

abundance, and therefore could be assigned as exclusively containing PS(o-
34:1). In contrast, the ion at m/z 884.6104 had completely disappeared, and

therefore was assigned as exclusively containing PE(p-38:6). Finally, the ion at

m/z 886.6257 had decreased in abundance by approximately 80%, indicating

that while this ion primarily contains the plasmenyl-PEp-38:5) lipid species, a low

abundance plasmanyl-PE(0-38:6) lipid was also present.
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Figure 2.7 Positive ion mode ESI high-resolution mass spectrometric analysis of
a crude lipid extract from the SW480 human adenocarcinoma cell line following

de-DMBNHS derivatization followed by mild formic acid hydrolysis. (A) Expanded

region (m/z 744-751) of the ESI-mass spectrum and (B) expanded region (m/z
880-887) of the ESI-mass spectrum.

2.4.2 13c1-DMBNHS and lodine/Methanol

The selective iodine/CH30H plasmalogen derivatization method was

applied to the SW480 cell line crude lipid extract that had first been subjected to
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functional group selective derivatization of the PE and PS aminophospholipids

within the mixture using 1301-DMBNHS, as described in Chapter 5. The positive

ion mode high-resolution mass spectrum obtained following the reaction with the

13Cl-DMBNHS reagent is shown in Figure 2.8A.
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Figure 2.8 Positive ionization mode ESI high-resolution mass spectrometric
analysis of a crude lipid extract from the SW480 human adenocarcinoma cell line

(A) after reaction with the amine-specific derivatization reagent, 13C-DMBNHS
and (B) after reaction with 13C-DMBNHS and iodine and methanol.

Upon further treatment of the 13Cl-DMBNHS labeled lipid extract with

methanol and iodine (Figure 2.8B), numerous lipids appeared at m/z values
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shifted by 157.9229 Da, indicating the presence of plasmenyl lipids via the

addition of | + OCHjs. For example, m/z 833.5870 in Figure 2.8A had largely
shifted to m/z 991.5090 (Figure 2.8B) indicating the presence of PE(p-34:1), while
the residual ion abundance at m/z 833.5870 indicated the presence of PE(0-34:2).

Consistent with the results from the standard lipid mixture, no change in

abundances were observed for any of the other diacyl or alkyl ether containing

ions in the crude lipid extract (e.g., m/z 875.5971 corresponding to the 13(:1-
DMBNHS derivatized diacyl PE(36:2), and m/z 746.6017 corresponding to the
protonated plasmanyl PC(0-34:1)). Interestingly, no in-source fragmentation

corresponding to the loss of methanol from the 13C1-DMBNHS derivatized PE

plasmenyl lipids derivatized with iodine and methanol were observed, suggestive

of an improved stability of the DMBNHS derivatized lipid ions.

2.4.2.1 Characteristic Fragmentation of Sequentially 13C1-DMBNHS and

lodine/Methanol Derivatized Plasmalogen PE

Derivatization of the plasmenyl PE lipid with the 13C1-DMBNHS reagent,

resulting in the introduction of a fixed charge’ sulfonium ion, significantly altered
the gas-phase fragmentation behavior (Figure 2.9A). Here, the dominant initial

product ion at m/z 844.5860 was formed via the neutral loss of 63.0024 Da (i.e.,

13C1-dimethylsulfide), resulting in a 5 membered protonated iminohydrofuran
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ring on the headgroup (Scheme 2.4, pathway a). This was followed by further
dissociation similar to that seen for the plasmenyl PC lipid in Figure 2.5A, yielding
a dominant product ion corresponding to the derivatized phosphoethanolamine
headgroup at m/z 210.0532, its complementary 209 Da neutral loss product at
m/z 635.5407 formed via intra-complex proton transfer (Scheme 2.4, pathway b),
as well as a low abundance product ion at m/z 576.3090 formed via
characteristic loss of the plasmenyl chain as a neutral alkenyl alcohol (Scheme

2.4, pathway c) from which direct assignment of the molecular lipid identity (i.e.,

PE(p-18:0/22:6) rather than PE(0-18:1/22:6)) could be achieved, albeit with poor

detection sensitivity.
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Figure 2.9 Positive ionization mode ESI high-resolution HCD-MS/MS analysis of
the synthetic lipid standard PE(p-18:0/22:6) (A) after derivatization with 13C1-

DMBNHS, and (B) after derivatization with ~"C1-DMBNHS followed by reaction
with iodine and methanol. The horizontal arrows in panels A and B indicate the
fragmentation pathways that were observed upon performing ion trap multistage

CID-MS" of the derivatized PE precursor ions.
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Scheme 2.4 Proposed CID-MS/MS fragmentation mechanisms for the 13C1-

DMBNHS derivatized plasmenyl ether containing PE(p-18:0/22:6) lipid, prior to
and following reaction with iodine and methanol. The m/z values shown
correspond to the calculated masses of the various product ions.

Finally, the spectrum acquired upon HCD-MS/MS of the sequentially
13C1-DMBNHS and iodine/CH30H derivatized plasmenyl ether PE(p-18:0/22:6)
lipid is shown in Figure 2.9B. Similar to the plasmenyl PE lipid derivatized only

with 13C1-DBMNHS, the dominant neutral loss of 13Cl-dimethylsulfide (m/z
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1002.5069) was observed as the primary fragmentation pathway (Scheme 2.4,

pathway d). Then, further dissociation of this initial product ion was found to be

essentially identical to that observed from the iodine/CH30H derivatized

plasmenyl PC lipid in Figure 2.5B, with the major product ion formed via neutral

loss of the characteristic R1’CICHOCH3 alkene (m/z 594.3185), that directly
enabled assignment of the molecular lipid identity (i.e., PC(p-18:0/22:6) rather than

PC(0-18:1/22:6)) (Scheme 2.4, pathway e), as well as an abundant product ion

corresponding to the loss of methanol (m/z 970.4906) that also underwent further
dissociation to yield the abundant derivatized PE headgroup specific ion at m/z
210.0527 (Scheme 2.4, pathway f) and its low abundance complementary 209
Da neutral loss product at m/z 793.4618. Interestingly, the minor product ion at

m/z 720.2148, corresponding to loss of the sn-1 alkenyl chain as a neutral

R’CHCHOCH3 alkene via a pathway the same as that proposed in Scheme 2.3,

pathway e for the iodine/CH30H derivatized plasmenyl PC lipid, was not

observed for the plasmenyl PE lipid that had only been derivatized with

iodine/CH30H (i.e., no 13C1-DMBNHS), suggesting that this reaction pathway is

only energetically competitive under ‘non-mobile’ protonation conditions.

2.5 Conclusions
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The results shown herein indicate that sequential functional group specific
lipid derivatization reactions can be successfully developed and applied to fully
resolve, identify the presence of, and characterize the molecular lipid
compositions of plasmenyl ether containing lipid species from within crude
complex lipid extracts based on the characteristic mass shifts observed upon
‘shotgun’ high resolution/accurate mass spectrometry, and/or the characteristic
product ions formed upon tandem mass spectrometry analysis of their mass
selected precursor ions. The reactions are simple, fast, and proceed to
completion without non-specific modification of other lipids that may be present
within a given mixture. Coupled with its ability to significantly reduce or eliminate
the need for chromatographic fractionation or additional lipid extraction steps
prior to analysis, this approach represents an attractive strategy for use in future
studies aimed at developing an improved understanding of the structures and

functions of plasmenyl and plasmanyl ether lipids in health and disease.
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Chapter 3

Comprehensive Lipidome Profiling of Isogenic Primary and Metastatic Colon

Adenocarcinoma Cell Lines

3.1 Introduction

Lipids comprise the majority of cellular membranes and are necessary for
several cellular functions including structure and signaling [6,248,249]. A large
number of studies have demonstrated that disruption of lipid metabolism and/or
signaling are associated with the onset and progression of numerous conditions
including obesity [39], diabetes [36-38,40,250,251], coronary heart disease
[39,252], Alzheimer’s disease [44], as well as several human cancers including
lung [63], prostate [63,72], breast [63,68], brain [253], liver [51,54] and colorectal
[64,71,136,254-256]. Notably, changes in the abundances of ether-linked PC and
PE lipids have been correlated with malignancy and metastatic potential in
various cancers [63]. For example, in colorectal cancer, the third leading cause of
cancer deaths in the United States [256], increased levels of alkyl ether linked
plasmanyl-PC lipids have previously been reported between normal and
malignant tissue [64,71], while significantly decreased vinyl ether linked

plasmenyl-PE  lipid levels have been observed in  malignant

Part of the results described in Chapter Three were published in:

Fhaner, C. J., Liu, S., Ji, H., Simpson, R. J., Reid, G.E., Comprehensive
lipidome profiling of isogenic primary and metastatic colon adenocarcinoma cell
lines. Anal. Chem. 2012, 84, 8917-8926.
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compared to non-malignant colon cancer tissue samples [71]. At present,
however, little information is available regarding the changes in ‘global’ lipid
profiles that occur between normal and diseased cells, tissues or readily
accessible bodily fluids (e.g., tumor interstitial fluid, blood plasma or serum) as a
function of the onset and progression of colon cancer. Such information could
provide further insights into the biological mechanisms by which lipids are
associated with cancer development, or lead to the identification of effective
biomarker signatures of the disease, e.g., to differentiate between benign,

primary versus metastatic cancers, or as targets for therapeutic intervention.

3.2 High Resolution MS Based Lipidomic Analysis of SW480 and SW620 Cellular

Extracts

The recent development of ultra-high resolution/accurate mass analyzers
based on FT-ICR or Orbitrap platforms has opened the door to the possibility of
employing high-throughput direct infusion ‘shotgun’ mass spectrometry for the
simultaneous analysis of multiple lipid classes without prior separation, and with
a reduced need for extensive MS/MS analysis [119,208,223,239]. High resolution
(=100,000) readily provides the ability to separate lipid ions with the same
nominal m/z values, with substantially improved signal-to-noise and dynamic
range compared to lower resolution instruments for the detection of low
abundance lipid species that may be present within a complex crude lipid extract.

However, the differentiation of isobaric mass lipid ions remains an issue. In this
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chapter, the ‘shotgun’ lipidomics strategy consisting of sequential functional
group selective chemical modification reactions coupled with high-
resolution/accurate mass spectrometry described in Chapter 2 was applied
toward the comprehensive identification, characterization and quantitative
analysis of changes in relative abundances of individual glycerophospholipid,
glycerolipid, sphingolipid and sterol lipids between the primary colorectal cancer

cell line, SW480, and its isogenic lymph node metastasized derivative, SW620.

3.2.1 Sample Preparation for MS Analysis

Cells from each of the SW480 and SW620 adenocarcinoma cell lines
were routinely cultured as described in Chapter 5. Once confluent, cells were
washed, trypsinized, resuspended in PBS, snap frozen and lyophilized.
Lyophilized cells were extracted by a modified Folch method [108,110]. Stock

solutions were prepared by dissolving the crude lipid extracts in 4:2:1

IPA/MeOH/CHCI3. Three aliquots of each crude lipid extract were placed into
separate vials with internal lipid standards (PC(14:0/14:0), PE(14:0/14:0) and
PS(14:0/14:0)) and were dried under a stream of nitrogen. One aliquot was

derivatized with dg-DMBNHS, a separate aliquot was derivatized with dg-

DMBNHS followed by mild formic acid hydrolysis as described in Chapters 2 and

5, and one was left underivatized. Immediately prior to ESI-MS analysis, each

sample (underivatized, dg-DMBNHS, and dg-DMBNHS and acid hydrolyzed) was
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re-dissolved in 200 yL of 4:2:1 IPA/MeOH/CHCI3 containing 20mM ammonium

formate (NH4HCO2).

3.2.2 High Resolution MS Analysis of SW480 and SW620 Cellular Extracts

Samples were loaded into a Whatman multichem 96-well plate (Sigma
Aldrich, St. Louis, MO) and sealed with Teflon Ultra Thin Sealing Tape (Analytical
Sales and Services, Prompton Plains, NJ). Samples were introduced to the mass
spectrometer via nanoESI using an Advion Triversa Nanomate (Advion, Ithaca,
NY). High resolution mass spectra were acquired across the range of m/z from
200-2000 using the FT analyzed (100,000 resolving power) and were signal

averaged for 3 minutes.

3.2.2.1 High Resolution MS of Underivatized Cellular Extracts

The mass spectra (m/z 600-1000) obtained following positive ionization
mode ESI-MS analysis of the crude lipid extracts from the primary colorectal
cancer cell line, SW480, and its isogenic metastatic derivative, SW620, are
shown in Figures 3.1A and 3.1B, respectively. The addition of 20 mM ammonium
formate to the spray solution was found to provide an approximately two-fold
increase in ion abundance in positive ion mode compared to the use of 20 mM
ammonium acetate (data not shown); therefore, ammonium formate was

employed for all the results shown herein. A number of qualitative differences in
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the presence and/or abundance of several ions between the SW480 and SW620
cell lipid extracts are immediately apparent. For example, the ion at m/z
746.6055 and numerous ions within the m/z range of 800-920 have all increased

in abundance between the SW480 and SW620 extracts, relative to that of the
internal standard PC(14:0/14:0) lipid, while the ion at m/z 760.5861 has decreased

in abundance.
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Figure 3.1 Positive ion mode ESI high-resolution mass spectrometric analysis
(m/z 600-1000) of crude lipid extract from the human adenocarcinoma cell line
(A) SW480 and (B) its metastatic counterpart, SW620.
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Based on the high resolution performance and accurate mass values
obtained using the Orbitrap, the sum compositions [3] of the glycerolipid,
sphingolipid, cholesterol, cholesterol ester and PI lipid ions, including (i)
assignment of the head group identities, (ii) the nature of their hydrophobic chain
linkages (i.e., diacyl versus plasmanyl- or plasmenyl-ether) and (iii) the total
number of carbons and double bonds that were present within their hydrophobic
chains, could be automatically assigned by in silico comparison with the
calculated masses of a database of hypothetical lipid compounds, using the

LIMSA software [233]. For example, m/z 850.7857 in Figure 3.1A was assigned

as the ammonium ion adduct of a TG(s0:1) lipid (calculated m/z 850.7858), with

the experimental and calculated m/z values differing by only 0.0001 Da (0.08
ppm). For saturated plasmanyl-ether containing lipids, assignment of the lipid
identity was also straightforward, while for ether linked lipids containing at least
one site of unsaturation, assignment of lipid identity was more complicated as
these could overlap in exact mass with plasmenyl-ether containing lipid ions with

the same total number of carbons but one less site of unsaturation.

3.2.2.2 High Resolution MS of Cellular Extracts Derivatized with dg-DMBNHS

As discussed in chapter 2, PC, PE, PA, lipid species may not be assigned
directly from their accurate mass values alone, due to the possibility of exact
mass overlap between protonated PE lipid ions with the ammonium ion adducts

of PA lipids containing 2 additional carbons and 1 additional double bond, as well
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as with odd chain length protonated PC ions containing 3 additional carbons.
Protonated PS lipids can also overlap in exact mass with the ammonium ion
adducts of PG lipids containing 2 additional double bonds. Figure 3.2 shows the

expanded regions (m/z 744-751 and m/z 880-887) of the SW620 cell crude lipid

extracts derivatized with dg-DMBNHS.
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_§ 744 745 746 747 748 749 750 751
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= 1.48E5
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L |880.7176 1 886.6259
/880.8325
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Figure 3.2 Positive ion mode ESI high-resolution mass spectrometric analysis
of a crude lipid extract from the SW620 human adenocarcinoma cell line. (A)
Expanded region (m/z 744-751) and (B) expanded region (m/z 880-887) of the
ESI-mass spectrum obtained after reaction with the amine-specific derivatization

reagent, ds-DMBNHS.
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The higher m/z region of the mass spectra is occupied by the derivatized

PE and PS ions as well as those ions corresponding to the ammonium ion
adducts of Pl and TG containing lipids (e.g., [Pl(36:2+NH4]" and [Pl(3:1)+*NHa]"
at m/z 880.5909 and 882.6065, respectively, and [TG(52;0)+NH4]Jr at m/z
880.8326. There is no mass overlap with the PE and PS species that appear
upon derivatization (e.g., PE(36:2) at m/z 880.6366, PE(36:1) at m/z 882.6520,

PE(p-38:6) and/or PE(0-38:7) at m/z 884.6104, PE(p-38:5) and/or PE(0-38:6) at m/z

886.6257, and PS(p-34:0) and/or PS(0-34:1) at m/z 884.6316.

3.2.2.3 High Resolution MS of Cellular Extracts Derivatized with dg-DMBNHS

and Acid Hydrolyzed

The expanded regions (m/z 744-751 and m/z 880-887) of the mass

spectra obtained following mild formic acid hydrolysis of the dg-DMNBHS
derivatized crude lipid extracts from the SW620 cell lines are shown in Figure 3.3
A and B, respectively. The same expanded regions of the SW480 dg-DMBNHS
derivatized and dg-DMBNHS derivatized with formic acid hydrolysis are shown in

Figures 2.7 A and B, respectively. Upon formic acid hydrolysis, ions containing
the diacyl PIl, TG and PE lipids remain at essentially the same abundances when

comparing Figure 3.2 to Figure 3.3, as expected, whereas the ion at m/z
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884.6104 had completely disappeared, and therefore was assigned as

exclusively containing PE(p-38:6).
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Figure 3.3 Expanded regions of the positive ion mode ESI high-resolution mass

spectrometric analysis of a crude lipid extract after reaction with dg-DMBNHS

and formic acid from the SW620 human adenocarcinoma cell lines for (A) m/z
744-751 and (B) m/z 880-887.

3.2.2.4 MS Data Analysis for Relative Quantification
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Relative quantification of lipid ion abundances was performed by

comparison of each lipid ion abundance compared to the ion abundance of the

PC(14:0/14:0) internal standard. Sum composition assignment of all lipid ion peaks

in the mass spectra obtained following de-DMBNHS derivatization was

performed using LIMSA and determination of the nature of the ether bond
(plasmanyl vs. plasmenyl) was performed by comparison of the individual peaks
in the derivatized and acid hydrolyzed spectra. No attempts were made to
quantitatively correct for different ESI responses of individual lipids due to
concentration, acyl chain length or degree of unsaturation. Thus, the abundance

of the ions corresponding to individual molecular species within each lipid class,

normalized to the abundance of the PC(14:0/14:0) internal standard, are reported

here as the percentage of the total lipid ion abundance for each class, and do not

represent the absolute concentrations of each lipid or lipid class. The internal

standards PE(14:0/14:.0) and PS(14:0/14:0) were included to monitor the

completeness of the dg-DMBNHS reaction. All lipid classes (PC, PE, PS, PG, PI,
LPC, LPE, LPS, TG, DG, MG, SM, Cer, Chol and Chol esters) except for PA
were identified and quantified from the dg-DMBNHS derivatized spectra.

Determination of the abundance of PA lipids was performed in negative
ionization mode, then a correction was applied to the positive ion mode spectra
to remove the contribution of these lipids to the PC lipid ion abundances, as

described in Chapter 2. In the results described below, lipids whose identities of
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their headgroup and fatty acyl, alkyl and/or alkenyl chains could be
unambiguously assigned by manual analysis of their individual MS/MS spectra
are classified as Molecular Lipids (Mol Lipids) [3], while ‘Total’ includes the

combined number of Molecular Lipids as well as those lipids where only the Sum

Compositions could be assigned from the high resolution dg-DMBNHS

derivatized and mild formic acid hydrolyzed ESI-MS data.

3.3 Implications in Colon Cancer Metastasis from Lipidomic Changes Identified

The abundances of the ions corresponding to each assigned lipid were
then expressed as a percentage of the total lipid ion abundance for a given lipid
class, to allow quantitative comparison between the SW480 and SW620 cell
lines. It has been well established that alterations in lipid content have several
implications in the progression of diseases [60,63,136,257]. These quantitative
comparisons may suggest the progression of colorectal cancer from the primary

cells to metastatic cells.

3.3.1 Glycerophospholipid Alterations

Figure 3.4 shows the changes observed in individual PC lipid % ion

abundances between the dg-DMBNHS derivatized SW620 and SW480 cell crude

lipid extracts, for all ions whose abundances were found to correspond to greater

than 0.1% of the total ion abundance in each lipid class. Pair-wise comparisons
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between individual lipids between the two cell lines resulted in numerous
statistically significant changes (p<0.01) to be observed. Most notably are the
alterations with respect to increases in the abundances of plasmanyl-ether
containing PC lipids between the SW620 and SW480 cell crude lipid extracts,

and a corresponding decrease in the abundance of their diacyl counterparts

(e.g., the PC(0-34:1) ion at m/z 746.6058 versus the PC(34:1) ion at m/z
760.5850) (Figure 3.4A). Overall, the % total ether-linked PC ion abundance
(corresponding to approximately 30% of the total PC lipid ion abundance)
increased by approximately 50% percent (Figure 3.4B), whereas the % total PC
ion abundance compared to the total ion abundance for all identified lipids
increased by only a small amount (Figure 3.4C). A similar significant increase

was observed in the abundance of the major plasmanyl-LPC lipid present in the

lipid extracts i.e., LPC(0-16:0)), along with an overall increase in the % total LPC

ion abundance between the SW620 and SW480 cells (Figure 3.5).

106



70

S 5 ¢ s o

Yol <t (2] N
aouepUNQY UO| 2101 %

50

IS 1) )

< ™ N

a2UBPUNQY UO| Dd JaUiT %

® SW480

*

B SW620
Ihl e

*

_k
*I
il

=

*
I—*I

n
™

0 5 0 5 0
™ N -

N -
aouepungy uoj| Od %

5

L

(z:8€)0d - 02€9118

(5:8€)0d - 0685°808

(T:9€)0d - €919'88L

(2:9€)0d - 2009982

(€:98)0d - 0885°¥8L

(T:9€-0)0d - TLE9VLL

(1:5€)0d - L009°V.LL

(2:98-0)0d % (1:98-d)0d - ¥129°2..
(2:5€)0d - 0685°2LL

(€:98-0)0d % (2:9¢€-d)0d - 8509°02.
(7:9€-0)0d - T065'89.

(T:#€)0d - 0685092

(2:%€)0d - ¥695°8SL

(0:7€-0)0d - ¥129'8¥L

(0:€€)0d - 09858 L

(T:¥€-0)0d - 8509'9¥L

(T:€€)0d - 7695°9vL

(2:7€-0) 0d ® (T:¥€-d)Od - T06S v
(0:2€)0d - 7695 vEL

(T:€£-0)0d - T065'2E2

(T:2€)0d - 2655°2€L

(0:2€-0)0d - T065°02L

(0:T€)0d - L£GS°02L

(T:2€-0)0d - G25'8TL

(0:0€)0d - 18S90

Figure 3.4 Quantitation of PC lipids from the dg-DMBNHS derivatized SW480

and SW620 cell crude lipid extracts. (A) Percent individual PC ion abundances

compared to the total ion abundance for all PC lipids. (B) Percent total ether-
linked PC ion abundance compared to the total PC lipid ion abundance. (C)

Percent total PC ion abundance compared to the total ion abundance for all

identified lipids. n =5, * = p < 0.01.
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Figure 3.5 Quantitation of LPC lipids from the dg-DMBNHS derivatized SW480
and SW620 cell crude lipid extracts. (A) Percent individual LPC ion abundances
compared to the total ion abundance for all LPC lipids. (B) Percent total ether-
linked LPC ion abundance compared to the total LPC lipid ion abundance. n =5,

*=p<0.01.

Numerous statistically significant changes in PE lipid ion abundances

were also observed between the dg-DMBNHS derivatized SW620 and SW480

cells (Figure 3.6A). In contrast to the PC lipids, an increase in the % abundance
of diacyl-PE lipid containing ions was generally observed, with a corresponding

decrease in the % ion abundance of plasmenyl- and plasmanyl-ether containing

PE lipids, particularly for shorter chain length species, e.g., the abundant dg-
DMBNHS derivatized PE(p-34:1) and PE(0-34:2) lipids at m/z 838.6261, as well as

PE(p-32:1) at m/z 810.5948 and PE(0-34:1) at m/z 840.6417. Similar changes
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were also observed for the LPE lipids (Figure 3.7). Overall decreases in both the
% total ether-linked PE ion abundance compared to the total PE lipid ion
abundance (Figure 3.6B), as well as the % total PE ion abundance compared to
the total ion abundance for all identified lipids (Figure 3.6C), were also observed.
Finally, the abundance of odd chain PC and PE lipid species (diacyl, plasmanyl
and plasmenyl), as well as odd chain length LPE lipid species, were all observed

to significantly decrease in abundance between the SW620 and SW480 cells.
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Figure 3.6 Quantitation of PE lipids from the dg-DMBNHS derivatized SW480
and SW620 cell crude lipid extracts. (A) Percent individual PE ion abundances
compared to the total ion abundance for all PE lipids. (B) Percent total ether-
linked PE ion abundance compared to the total PE lipid ion abundance. (C)
Percent total PE ion abundance compared to the total ion abundance for all

identified lipids. n =5, * = p < 0.01.
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Figure 3.7 Quantitation of LPE lipids from the dg-DMBNHS derivatized SW480
and SW620 cell crude lipid extracts. (A) Percent individual LPE ion abundances
compared to the total ion abundance for all LPE lipids. (B) Percent total ether-
linked LPE ion abundance compared to the total LPE lipid ion abundance. n = 5,

*=p<0.01.

It has been known for some time that elevated levels of alkyl ethers of
glycerol (and to a somewhat lesser extent, alkyl-phosphogylcerides) are present
between normal and neoplastic human tissues [74]. Howard et al. have
suggested that a correlation exists between the rate of tumor growth and the
glyceryl-ether content in phospholipids, and ether-lipid levels have been shown to
be at higher concentrations in cells that are more rapidly growing than other cells
observed [58]. Notably, a recent study involving the overexpression and knockout

of the rate limiting enzyme for ether lipid synthesis enzyme, alkylglycerone
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phosphate synthase (AGPS), revealed that cells with increased ether lipids had
higher cell survival, motility and growth whereas cells that had AGPS knocked
out, exhibited decreased survival, proliferation, migration and invasion [75].
Furthermore, increased plasmanyl-PC levels have previously been reported
between normal and malignant tissue [64,71] in patients with colon cancer, and
have been correlated with malignancy and metastatic potential in various other
cancers [63,68]. In contrast, significantly decreased plasmenyl-PE lipid levels
have been reported in malignant colon cancer tissue samples compared to non-
malignant tissue [71], and between MCF7 human breast cancer cells and primary
cultures of normal human mammary epithelial cells [62]. These results are
consistent with those determined here, given that the SW620 cells originated
from a metastatic tumor, which is more proliferative than the primary
adenocarcinoma SW480 cell line.

Although the functional role of changes in ether-lipid metabolism, and
particularly plasmanyl-lipids, to malignancy and metastasis are still poorly
understood, it is well established that changes in the physical properties of the
cellular membrane (e.g., structure, fluidity, dynamics and fusion) as a function of
its plasmalogen lipid composition [258] may play an important role in regulating
cell growth, fusion, intracellular transport and signal transduction [46,259-261].
Benjamin, et al. found that arachidonic acid (AA) was preferentially incorporated
into diacyl glycerophospholipids, thereby lowering the availability of AA for
eicosanoid synthesis, upon knockdown of the rate limiting enzyme for ether lipid

synthesis, alkylglycerone phosphate synthase (AGPS) [75]. Alterations in
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membrane properties may also influence the sensitivity of cells to certain forms
of therapy [61,262].

The results obtained for the PA, PS, LPS, PG and PI lipids are shown in
Appendix A: Figures A.1-A.5, respectively. An overall significant increase in the
% total ether-linked (primarily plasmanyl) PA ion abundance compared to the
total PA lipid ion abundance was observed between the SW620 and SW480
cells, whereas the % total PA ion abundance underwent a significant decrease.
There was an increase in the % total ion abundance of both PS and PG lipids in
the SW620 compared to the SW480 cells, as well as an increase in the % total
ether-linked PS [115,263,264] ion abundance. No ether-linked or odd chain

species were observed for the PG lipids. The most abundant LPS lipid in the

SwW480 cells (LPS(19:0) at m/z 676.4125 in the dsg-DMBNHS derivatized

spectrum) underwent a significant decrease in abundance, thereby following the
trend observed for the other phospholipids. Notably however, significant
increases in the % ion abundance of multiple odd chain length PS species were
observed in the SW620 cells compared to the SW480 cell extract, in direct
contrast to the other phospholipid and glycerolipids examined here. Interestingly,

ether-linked PI lipids were only observed in the SW480 cells.

3.3.2 Glycerolipid Alterations

Quantitative analysis of the TG lipids (Figure 3.8) revealed a dramatic
increase in the total % TG ion abundance in the SW620 cells, along with similar
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trends in the changes in the % ion abundances of individual monoether-linked

(primarily plasmanyl) and triacyl-TG lipids as those observed for the PC lipids

e.g., increased TG(0-48.0), TG(0-50:1) and TG(o-50:0) and correspondingly

decreased TG48:0), TG(50:1) and TG(50:0). Notably, numerous long chain length

TG lipids (>56 total carbons) were observed exclusively in the SW620 cell lipid
extract. Consistent with the other lipid classes (except PS, see below), the
abundances of odd chain length TG lipids were decreased in the SW620 cells.
The increase in overall TG species (including the ether-linked TG lipids that are
the likely source of the increase in ether-linked phospholipids observed here) is
likely due to increased de novo fatty acid synthesis in malignant cells which is
used to supply the membrane with fatty acids for increased proliferation
[55,56,265]. Also, increases in ether-linked TG content has been shown to be
correlated with malignancy and metastasis in mouse and rat liver [59,76] and
mammary tissue [73]. This finding is also consistent with an increase in
alkylglycerol lipid abundances previously reported for malignant human

hepatocellular carcinoma tissues compared to normal liver tissue [77].

113



>
(o8]
@]

16 * W SW480 50 10
= SW620 Q *
14 e *
©
S 407 8 8
g12 E g
@ < °
i =}
g 10 5 304 S|
8 O]
< g - 5
S 5 T_u
= £ 20| = 4
O 6 i =
= | 5 s
(=) 4 |
‘ 10 2
| |
0 - 0- 0-

e e e e e = e e e e e e e e e e e e e e e e e ) [eNe) oo
o dao o d ddoo N do N dd o0 o NI o 0N o 0 N o N
© © © N~ O © DO OO O O O N o &N o4 &N N NN S S N I ©
SN YT AT NS e B Yo S Ve SR To o B Vo S Yo R Vo SR Vo B T S Vo S Yo S o SN Vo S Vo) == ==
T I Y I Y I I RI N LD DH 00 HEH 00N D089
DD EEelePoiePePoPooOop o o
© 0 n o 4 © — o < < — < d N~ o~ S
o Y P SO0 o md A s AN NN N ®
O H N WO O KKILWWOANRKOONO®®AWO AdmMA® I
P L =S Rl < N R R N B B L B B ]
© = N © © o o < © © ® O N I ©
NN adaN A Ad®m 22T RO R0 UKNN 0O 0O
N~ O 0 O 0 W W © W MW O O O N O T O © 0 O DD O O
© =1 < %) V] © © ©
~ © © © © © © ©

Figure 3.8 Quantitation of TG lipids from the dg-DMBNHS derivatized SW480
and SW620 cell crude lipid extracts. (A) Percent individual TG ion abundances
compared to the total ion abundance for all PE lipids. (B) Percent total ether-
linked TG ion abundance compared to the total TG lipid ion abundance. (C)
Percent total TG ion abundance compared to the total ion abundance for all

identified lipids. n =5, * = p < 0.01.

The results obtained from quantitative analysis of the DG and MG lipids
are shown in Appendix A: Figures A.6 and A.7. Small increases in total DG and
MG lipid ion abundances were observed between the SW620 and SW480 cells.

For the individual DG lipids, the most obvious difference arose from a decrease

in DG(32:0) and an increase in DG(34:0) lipids.

3.3.3 Sphingolipid Alterations
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Significantly decreased SM(42:1) and Cer42:1) lipid abundances (i.e.,

SM(d18:1/16:0) and Cer(d18:1/16:0)) were observed in the SW620 cells, despite an
overall increase in SM and Cer % total ion abundances (Appendix A: Figures A.8
and A.9, respectively). Importantly, numerous reports in the literature have

previously associated decreased C1g-ceramide levels with the resistance of cells

toward the activation of apoptotic signaling [254,266,267].

3.3.4 Sterol Lipid Alterations

No overall change was found in the level of Chol (Appendix A: Figure
A.10). However, a dramatic approximately 80 fold increase was observed in the
% lipid abundance of Chol esters. Large increases in sterol esters have
previously been reported in human glioblastomas [253]. Furthermore, Chol ester
abundances have also been positively correlated to increases in plasmalogen

content [268].

3.2.4.2 High Resolution MS/MS Data Analysis for Molecular Lipid

Characterization

For the phospholipids, HCD-MS/MS was performed in negative ionization
mode on the deprotonated precursor ions, with the exception of PC lipids, which

were analyzed as their formate adducts. Similarly, the sphingolipids were also
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analyzed as their formate adducts in negative ionization mode [212]. It is
important to note that formate adducts were employed here as opposed to the
common acetate adduct, in order to eliminate the possibility of nominal mass
overlap between the acetate adducts of ether-linked PC lipids with deprotonated
ether-linked PE lipids. This is especially significant because the structural
identification of ether-linked phospholipids relies heavily on observation of the
acyl chain neutral loss product ions, and the fragments of ether PC and ether PE

lipids containing 2 more carbons would have identical exact masses. For
example, [PC(0-16:1/16:0) + Ac] and [PE(0-18:0/22:6) - H] both have a nominal
m/z of 776. During negative ion fragmentation, the PC lipid initially loses methyl

acetate, forming [dimethyl PE(0-16:1/16:0) - H] , that subsequently dissociates via
the loss of 16:0 R'CHCO and RCOOH fatty acyl chains to give rise to product
ions at m/z 464.3141 and 446.3035, respectively, which would have the same

exact m/z values as a PE ion that had lost 22:6 R°'CHCO and RCOOH fatty acyl

chains. However, as the m/z of the formate adduct is 14 Da less than the acetate

adduct, this overlap is not problematic and MS/MS and MS3 can be performed

without ambiguity.

For the characterization of TG lipid ions, positive ion mode HCD-MS/MS
(or CID-MS/MS followed by HCD-MS3) spectra were acquired to observe the
neutral loss of characteristic fatty acids from the ammonium ion adducts at each

of the identified precursor ion m/z values for these lipids, as previously described.

The assignment of the fatty acyl chains for these lipids (Supplemental Tables,
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Fhaner, et al. [269]) are listed in order from the shortest to the longest acyl chain,
and not in terms of their sn position. Unfortunately, the ammonium adducts for

the ether TG lipids and DG lipids were not sufficiently stable to allow their

isolation for MS/MS or M83 analysis. Therefore, these species are expressed

simply in terms of their sum compositions.

From the information provided from the high-resolution/accurate mass, dg-

DMBNHS derivatization and formic acid treated MS spectra described above, a
total of 354 and 368 lipid containing ions from the SW480 and SW620 cell lipid
extracts, respectively, could initially be unambiguously assigned in terms of their
molecular lipid identities (Table 3.1). Following isolation and fragmentation of the
identified ions, 490 and 573 lipids could be characterized in the SW480 and
SW620 derivatized lipid extracts at the molecular lipid level. Altogether, 600 and
694 individual lipid species in the SW480 and SW620 crude lipid extracts,
respectively, were identified by either their sum composition or molecular lipid

identity.
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Table 3.1 Summary of the number of assigned lipid ions, identified lipids, and
total lipid species from crude lipid extracts derived from the SW480 and SW620

cell lines.
SW480 SW620
Sub- Sum Mol Sum Mol
Class Comp Lipids Vit Comp Lipids oL
PC 85 93 130 80 125 154
PE 77 154 164 60 149 158
PA 15 30 30 12 26 26
PS 25 62 62 27 74 74
Pl 24 33 39 19 32 36
PG 7 9 9 7 9 9
LPC 4 4 4 5 5 5
LPE 15 18 18 15 19 19
LPS 5 5 5 5 5 5
SM 17 1 17 17 1 17
Cer 6 0 6 6 0 6
TG 30 60 68 59 96 133
DG 24 0 27 26 0 30
MG 14 15 15 14 16 16
Chol 1 1 1 1 1 1
Chol
Ester 5 5 5 15 15 15
Total 354 490 600 368 573 694

3.4 Conclusions

In the results described herein, we have demonstrated that selective
functional group derivatization reactions combined with high resolution/accurate
mass spectrometry can serve as an effective ‘chemical’ strategy to resolve
isobaric mass lipids from within complex mixtures, as well as to enhance the
ionization sensitivity and detection of low abundance lipid species, without
requirement for chromatographic fractionation or differential extraction steps prior

to analysis. The application of this novel ‘shotgun’ lipidomics approach to identify
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and quantify differences in the abundances of >600 individual lipids in 4 major
lipid classes and 36 lipid subclasses from the SW480 and SW620 cell lines,
represents the most comprehensive study to date to analyze differences in
‘global’ lipid profiles between primary and metastatic colon cancer cells. The
results obtained therefore may provide important new insights into the role of

aberrant lipid metabolism in the onset and progression of colon cancer.
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Chapter 4

Lipidome Analysis of Colorectal Cancer Cells and their Secreted Exosomes

4.1 Introduction

As discussed in Chapter 1, exosomes have been implicated in the
promotion and progression of cancer metastasis. However, the specific exosomal
molecules responsible for these functional responses, and exploration of the
potential of exosome derived lipid profiles as biomarkers of colorectal cancer
malignancy and metastatic capacity, not been explored. It has been
demonstrated previously that lipids are highly involved with the process by which
exosomes interact with cells [270] and may act as lipid mediators [271]. The
make-up of their lipid membrane has an affect how the exosomes interact with
cells whether by fusion, staying on cell surfaces or taken up by endocytosis
[272]. Engulfed exosomes enable target cells to concentrate bioactive lipids and
exosomal contents in their endosomes [273]. Development of the ‘shotgun’ mass
spectrometric lipidome analysis methods described in chapter 2 that allows
complete lipidomic profiling from small amounts of starting material and with
limited sample handling provides the ability to analyze these small vesicles to
identify possible biomarkers. Furthermore, differentiation of exosome lipidomes
from parent cell lipidomes may identify novel roles for lipid species in cancer

exosome function and promotion of metastasis.
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4.2 HRMS Lipidomic Analysis of SW480 and SW620 Cells and Exosomes

The previous chapters have outlined methods for high resolution mass
spectrometry (HRMS) based lipidome analysis. For this experiment, lipid
identification and analysis by HRMS involves initial isolation of cells and

exosomes followed by crude lipid extraction of non-polar lipids, sequential

functional group derivatization using l?’Cl-DMBNHS plus iodine/methanol, and

high-resolution direct infusion MS and CID-MS/MS analysis (Scheme 4.1).
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Scheme 4.1 Workflow for exosome isolation, lipid extraction, derivatization and

data analysis using 13Cl-DMBNHS followed by iodine and methanol
derivatization method for lipid analysis.

4.2.1 |Isolation, Extraction and Derivatization of Cells and Crude Exosomes

Exosomes were isolated every 3-4 days by differential centrifugation from
the spent medium of routinely cultured SW480 and SW620 cells [274]. Cells
were also collected. Protein concentration of cells and exosomes was
determined by 1D-sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE)/SYPRO® Ruby protein staining/densitometry [275]. Protein
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concentration was determined to be 352 pg/lO6 SW480 cells and 249 ug/lO6

SW620 cells. Total exosome protein amount for the exosomes was determined
to be 110 pg and 72 pg for the SW480 and SW620 crude exosomes,

respectively. Cell and exosome lipids were extracted using a modified Folch
method [108,110] then subjected to amine specific derivatization with 13C1-

DMBNHS followed by reaction with iodine and methanol as outlined in Chapter 2.

All materials and methods are described in Chapter 5.

4.2.2 HRMS of Cell and Exosome Lipid Extracts Derivatized with 13Cl-DMBNHS

and lodine/Methanol

Full derivatization of the lipid extracts with 13C1-DMBNHS and

lodine/Methanol (as explained in Chapters 2 and 5) enabled the collection of data

with the high-resolution instrument, LTQ Orbitrap Velos, from a single spectrum

without the need for comparison to underivatized spectra, as is the case with dg-

DMBNHS derivatization and mild acid hydrolysis. All samples were analyzed via
‘shotgun’ nano ESI-MS. High resolution mass spectra were acquired across the
range of m/z from 200-2000 using the FT analyzer (100,000 resolving power)
and were signal averaged for 2 minutes. Data analysis was performed using
LIMSA [233] as described in chapters 1 and 3. The data from the LIMSA output
was then normalized to the protein content of each sample, to give a normalized

ion abundance/ug of protein. One-way ANOVA (Microsoft Excel Software) was
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used to evaluate differences (p<0.01) among SW480 and SW620 cells and
exosomes. Student’s t-test with 2 tailed distribution, two sample unequal variance
was used to evaluate differences in the individual ion abundances between the
SW480 and SW620 cell extracts, SW480 cell and exosome extracts, SW620 cell
and exosome extracts, and SW480 and SW620 exosome extracts, with p < 0.01

considered statistically significant.
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Figure 4.1 Positive ion mode ESI high-resolution mass spectrometric analysis (m/z 600-1100) of crude lipid extracts

derivatized with 13C1-DMBNHS followed by lodine and Methanol from the human adenocarcinoma cell lines, (A) SW480
and (B) SW620, and their secreted exosomes, (C) SW480 Exosomes and (D) SW620 Exosomes. The internal standard

lipid PC(28:0) was included to enable relative quantification of the observed lipid species.
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The high resolution/accurate mass spectra of the 13C1-DMBNHS and

iodine/methanol derivatized SW480 and SW620 cell and exosome lipid extracts
are shown in Figures 4.1A — 4.1D. Comparison of the SW480 and SW620
cellular lipid extracts were discussed in Chapter 3. From the spectra shown in
this figure, several qualitative changes are observed between the exosomes and

their respective cells. Figures 4.1A and 4.1B show the SW480 cell and exosome

extracts, respectively. Relative to the internal standard, PC(14:0/14:0), the ions at

m/z 760.5844 representing PC(34:1) and m/z 786.6001 (PC(36:1)) (i.e., the two
most abundant diacyl PC lipids) decreased in the exosomes by approximately
60%. Although the ion at m/z 746.6058 (PC(0-34:1)) (i.e., the most abundant

plasmanyl PC lipid) has also decreased, the ratio of that ion compared to m/z

760.5844 has increased. Conversely, the PE lipid ions at m/z 835.6071, m/z

875.6023, m/z 991.5142 and m/z 1017.5303 assigned as PE(34:1), PE(36:2),

PE(p-34:1), and PE(p-36:2), respectively, increased significantly indicating an

overall enrichment of PE lipids in the exosome population and an increase in the
ratio of plasmalogen PE to diacyl PE species. Similarly in the SW620 cells and
exosomes (Figures 4.1C and 4.1D, respectively), the diacyl and plasmanyl PC

lipid ions at m/z 760.5847 and m/z 786.6006 decreased, while the plasmenyl PE
lipid ions at m/z 991.5147 (PE(p-34:1)) and m/z 1017.5303 (PE(p-36:2)) increased
significantly. However, the plasmanyl PC ion at m/z 746.6058 (PC(0-34:1)) only

decreased slightly in relation to the internal standard, m/z 678.5065, in the
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SW620 exosomes and there was a slight decrease in the diacyl PE lipids at m/z
835.6075 and m/z 875.6026. As was discussed in Chapter 3, the TG and Chol

Ester concentrations were significantly higher in the SW620 cells compared to

the SW480 cells. The Chol Ester (m/z 668.6338, Chol Ester(1g:1)) and TG (m/z

850.7858, TG(50:1) and m/z 876.8013, TG(52:2)) species observed in the SW620

cells were of much lower abundance the SW620 exosomes.
Comparison of the SW480 and SW620 exosome lipid extracts also

revealed alterations in their lipid content. For example, a decrease in the

abundant diacyl PC(34:1) and PE(34:1) species was observed from the SW480 to
SW620 exosomes compared to the internal standard. PC(0-34:1) increased by

nearly 2-fold compared to the internal standard whereas PE(0-34:1) (m/z

835.6071) and PE(34:1) (m/z 875.6023) decreased by almost 4- and 3-fold,

respectively, in the SW620 exosome lipid extracts.

4.3 Comparison of Total Lipids from SW480 and SW620 Cell and Exosome Lipid

Extracts

Peak lists including intensities were extracted from re-calibrated high-
resolution MS spectra of the derivatized lipid extracts and placed into a Microsoft
Excel workbook. Data analysis utilizing LIMSA and an in-house database of over
21,000 lipid identities gave identification and relative quantitation of lipid peaks in

the MS spectra. Tables containing lipid sub-structures and chemical formulas as
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well as formulas for building the lipid ions with the adducts utilized in this method
are located in Appendix B. The output of relative concentration for each lipid
identified was then divided by the total amount of protein (in ug) for each sample.

Figure 4.2 exhibits the relationships of lipid ion abundances normalized to the

internal standard (PC2g:0) at 500nM) of each individual lipid sub-class expressed

as normalized abundance per ug of total protein. As expected from the spectra in
Figure 4.1, the normalized PE lipid ion abundance increased significantly in the
exosomes compared to their respective cells. The observed alterations in total
PE was mirrored for total LPE, albeit at a lower abundance. Although the spectra
in Figure 4.1 appear to indicate that PC abundance decreased in the exosomes,
when normalized to the total protein concentration, the total PC abundance was
determined to slightly increase in the exosomes compared to the cells. Large
increases in PS, PG (SW620 exosomes only) and SM species were also found in
the exosomes compared to their respective cells, while decreases in total TG and

Chol Est were observed.
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Figure 4.2 Distribution of normalized lipid ion abundance/ug protein for each lipid
sub-class from the 13Cl-DMBNHS and iodine/methanol derivatized SW480 and

SW620 cell and exosome crude lipid extracts. * = p < 0.01.

The acyl, plasmanyl (O-) and plasmenyl (P-) distributions for PE, PC and
PS in the cell and exosome lipid extracts are shown in Figure 4.3A-C. Statistically
significant (p < 0.01) increases in plasmanyl and plasmenyl containing
phospholipids among the cells and exosomes were observed with the largest
increases in plasmenyl PE and plasmanyl PC and PS, especially in the SW620
exosomes. Increases in the normalized diacyl abundances were also detected in

the PS population.
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Figure 4.3 Diacyl, alkyl (O-) and alkenyl (P-) distribution of each lipid sub-class
C1-DMBNHS and iodine/methanol derivatized SW480 and SW620
cell and exosome crude lipid extracts: (A) PE, (B) PC, and (C) PS lipids. *=p <

from the

0.01.

The alterations observed in lipid sub-classes are similar to those reported

previously [98,101] with the exosomes being enriched in the phospholipid and

sphingolipid sub-class compared to their parent cells.

4.4 Comparison of Lipid Sum Composition Alterations Among SW480 and

SW620 Cells and Exosomes

4.4.1 Glycerophospholipids of SW480 and SW620 Cell and Exosome Extracts
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The PE lipids represent a lipid sub-class that underwent the largest
alterations in abundance in Figures 4.1 and 4.2. Figure 4.4 illustrates the
changes in individual PE lipid sum composition normalized abundances (only
species above normalized ion abundances of 10/ug protein are shown) among
the cell and exosome extracts. The majority of the total PE lipid ion abundance
corresponded to species containing between 32 and 36 carbons, with one or two

carbon-carbon double bonds. Notably, nearly 70% of the PE lipid ion abundance

in the SW620 exosomes arises from three plasmenyl species: PE(p-34:1), PE(p-

36:1) and PE(p-36:2). Plasmanyl PE species, on the other hand, albeit lower in the

SW620 samples, are also most abundant in the same region for the exosomes

with PE(0-34:1), PE(0-36:1) and PE(0-36:2) increasing in the exosomes compared

to the cells.

The increase in both types of ether PE in the exosomes could affect how
exosomes to interact with surrounding cells and/or target cells for metastasis,
whether by fusion or endocytosis, thereby aiding the transfer exosomal materials
[93,100,272,273,276]. The antioxidative properties of the plasmenyl lipids [277]
may protect exosomes from degradation as they travel through the bloodstream

to the target site.
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Figure 4.4 Quantification of PE lipids from the 13C1-DMBNHS and iodine/methanol derivatized SW480 and SW620 cell
and exosome crude lipid extracts for individual lipid sum composition normalized abundances/ug protein above 10. * =p <

0.01.

132



Figure 4.5 demonstrates the alteration in the lipid sum compositions of the

PC lipids present in the SW480 and SW620 cells and exosomes. The largest

alteration is in the amount of PC(0-34:1) in the exosomes compared to the cells

and each other; the amount in the SW620 exosomes is over 2x the amount in the

SW620 cells and the SW480 exosomes. This is also the case with other

plasmanyl PC lipids such as PC(0-36:1) and PC(0-36:2). Plasmenyl PC species,

PC(p-34:1), PC(p-36:1) and PC(p-36:2), are also higher in concentration in the

SW620 cells and exosomes than the SW480 cells and exosomes. A higher
abundance of plasmanyl and plasmenyl PC lipids was also found previously in
lung, breast and prostate cancer cells when compared to benign tumors and
normal similar tissue [63], and were also reported to be higher in prostate cancer

exosomes compared to their parent cells [101].
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Figure 4.5 Quantification of PC lipids from the 13C1-DMBNHS and iodine/methanol derivatized SW480 and SW620 cell
and exosome crude lipid extracts for individual lipid sum composition normalized abundances/ug protein above 5. * = p <

0.01.
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PS lipids are highly enriched in the exosomes, as shown in Figure 4.2.
Similar to PC, the plasmanyl PS lipid sub-class increased in the exosomes when
compared to their parent cells, especially in the SW620 exosomes. Individual PS
sum compositions are compared in Figure 4.6. Although the distribution of
plasmanyl PS species is similar to PC lipids in Figure 4.2, the sum compositions

contributing to those alterations differ. For PS, the largest enrichment in
plasmanyl species is in PS(0-36:0) and PS(0-36:1) as opposed to PC(0-34:1).
Also, the exosomes are enriched in diacyl PS with vast contributions from
PS(36:1), PS(36:2), PS(38:2) and PS(40:2).

The enrichment of PS in exosomes compared to their parent cells was

also observed in the PC-3 prostate cancer cells by Llorente, et al [101] including

the increase in PS(36:1). Interestingly, vesicles made for drug delivery to cancer

cells were more successful when there was a higher ratio of PS in the membrane
and were unsuccessful without PS [278]. Two reasons are possible: the conical
shape of PS enables vesicles’ small size which allows more contact points with
cells and/or the PS enhances signaling to the cells via receptor binding which
releases the drug [278]. Since smaller vesicles with lower PS amount did not
have the same enhanced drug affect, it is more likely that PS signaling is the
contributing factor. This may also be the case for cell lines with higher metastatic
potential. Since exosomes have been implicated in ‘educating’ cells for
metastasis, PS may be a key component needed for the delivery of exosomal

materials.
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One of the most remarkable alterations between the cells and exosomes
is the enrichment in plasmanyl and plasmenyl glycerophospholipids. This is
especially important to note with respect to the role that these species play in the
physical properties of membranes, such as structure, fluidity and dynamics [258]
and their subsequent effect may play an important role in regulating fusion or
endocytosis, intracellular transport and signal transduction [259-261,272]. These
properties may positively affect the exosomes’ ability to interact with cells to pass
on their biological information. This data is consistent with the recent implication
of exosomes ‘educating’ cells at potential sites of metastasis [93] as the more
metastatic exosomes (i.e., SW620) have the largest amount of ether lipids
present per ug of protein. Furthermore, as mentioned in Chapter 3, Benjamin, et
al. revealed that cells with increased AGPS expression and ether lipid content
displayed higher cell survival and tumor growth [75]. Notably. exosomes display
remarkably higher ether lipid content than their parent cells, and the more
metastatic exosomes (SW620) contain a higher ether lipid content than the
SW480 exosomes. Therefore, it is possible that the lipid composition of the
exosomal membranes may be directly associated with the development of the
“pre-metastatic niche” and promotion of tumor metastasis.

All other glycerophospholipid sub-class sum composition comparisons,

including LPE, LPC, LPS, PG, LPG and PI are present in Appendix C.
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Figure 4.6 Quantification of PS lipids from the 13C1-DMBNHS and iodine/methanol derivatized SW480 and SW620 cell

and exosome crude lipid extracts of individual normalized lipid sum composition abundances/ug protein. * = p < 0.01.
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4.4.2 Sphingolipids of SW480 and SW620 Cell and Exosome Extracts

A large contribution to the enrichment of SM in the exosomes compared to

the cells shown in Figure 4.2, is due to SM(34:1) and the long chain SM species,

SM(42:1) and SM(42:2) (Figure 4.7). Increases in total SM in exosomes were also

observed from mast cells and dendritic cells [279]. The same acyl chains are

largely responsible for the enrichment in Cer in the exosomes, along with

Cer(34:0) (Figure 4.8). Ceramides have been implicated in promoting exosome

budding from the endosomes; thus not only are they enriched, but also are
important in the formation of exosomes [98]. Interestingly, C16:0, C24:0 and
C24:1 containing Cer species were reported to be enriched in tumors compared
to normal tissues in patients with head and neck squamous cell carcinoma [280]
which are also more abundant in the SW620 exosomes than the SW480
exosomes. The increased abundances of sphingolipids (including Hex-Cer found
in Appendix C, Figure C.7). were also observed by Llorente, et al. in the prostate
cancer exosomes [101]. The presence of gangliosides were also observed in the
prostate cancer exosome samples [98,101]. Unfortunately however, these more
polar lipids are most likely lost in the agueous partition of the modified Folch
extraction employed here and therefore not observed in the spectra obtained

from the SW480 and SW620 cells or exosomes.
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Figure 4.7 Quantification of SM from the 13Cl-DMBNHS and iodine/methanol

derivatized SW480 and SW620 cell and exosome crude lipid extracts. Individual
normalized lipid sum composition abundances/ug protein. * = p < 0.01.
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Figure 4.8 Quantification of Cer from the 13C1-DMBNHS derivatized SW480 and
SW620 cell and exosome crude lipid extracts. Individual normalized lipid sum
composition abundances/ug protein. * = p < 0.01.

4.4.3 Glycerolipids of SW480 and SW620 Cell and Exosome Extracts

In contrast to the enrichment of glycerophospholipids seen in Figure 4.2,
the glycerolipids in the exosomes were decreased compared to their cells. Figure
4.9 illustrates the normalized lipid abundances/pg of protein of the sum
compositions of the most abundant TG species found in the cells and exosomes.

The plot is mostly dominated by the presence of TG lipids in the SW620 cells,

albeit with a few species (TG(52:3), TG(54:4) and TG(54:5)) being more abundant

in the SW620 exosomes. The increase in TG species in the SW620 cells

compared to the SW480 cells is likely due to increased de novo fatty acid
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synthesis used to supply the membrane with fatty acids for increased
proliferation [55,56,265]. Ether-linked TG lipids are also increased in the SW620
cells in comparison to the SW480 cells which are the likely source of the increase
in ether-linked glycerophospholipids in the cells, such as PC. However, since
exosomes are formed inside the cells, there is no need for a de novo synthesis of
structural lipids within the exosomes, which is consistent with the lack of alkyl or
alkenyl linked TG lipids in the exosomes. The large increase in plasmanyl PC,
which is not formed by de novo synthesis in the exosomes, suggests a change in
the makeup of the endosomes or organelles from which the exosomes are

formed within the SW480 and SW620 cells [281].
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Figure 4.9 Quantification of TG lipids from the 13C1-DMBNHS derivatized SW480 and SW620 cell and exosome crude
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(P-) distribution. * = p < 0.01.
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DG and MG sum composition comparisons are found in Appendix C,
Figure B.6. The abundances of DG and MG in the cells and exosomes were
much lower than that of the TG lipids. However, the abundances of each sum
composition among the cells and exosomes were much more similar for DG and

MG lipids than they were for the TG species.

4.4.4 Sterol Lipids of SW480 and SW620 Cell and Exosome Extracts

The trend of enriched lipid content in the exosomes continues with free
cholesterol (Chol), which is up in both exosome samples compared to their
parent cells. However, Chol Esters (Appendix C, Figure C.8) are virtually not
detected in the exosomes, with only one Chol Ester species being present in the
SW620 exosomes and none in the SW480 exosomes. Like TG, this is to be
expected since the function of Chol Esters is in fatty acid trafficking and

metabolism within cells and not as part of the lipid membrane.

45 HCD-MS/MS Analysis for Molecular Lipid Characterization of HRMS

Identified Lipids

As discussed in Chapters 1 and 3, MS identification of lipid ions provides
sum composition information only. In order to confirm the lipid headgroup and
identify the individual fatty acyl/alkyl/alkenyl substituents, MS/MS must be

performed. For complete lipid structural identification, both positive and negative
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ionization mode HCD-MS/MS is utilized. Tables containing the methods and
specific fragments used for lipid sub-class verification and fatty acyl/alkyl/alkenyl
substituent identification in both positive and negative ionization mode are

located in Appendix B.

4.5.1 Positive lonization Mode HCD-MS/MS

Fragmentation of the lipid ions identified from the lipid extracts derivatized

with 1301-DMBNHS and iodine/methanol was performed in positive ionization

mode for fatty acyl/alkenyl substituent identification and headgroup verification
for plasmenyl phospholipids, TG, Cer and SM. Plasmenyl PC lipids were verified
by the presence of an ion at m/z 184.0739. Plasmenyl PS and PE lipids were
verified by the presence of ions at m/z 254.0430 and m/z 210.0532, respectively,
as described in Chapter 2. Plasmenyl PC, PE and PS fatty acyl/alkenyl
substituents were identified by the loss of the iodine/methanol derivatized sn-1

chain. An example of how the characterization of a species of plasmenyl PE lipid,

PE(p-34:1), Was achieved is shown in Scheme 4.2.
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Scheme 4.2 Acyl and alkenyl chain identification and headgroup confirmation for
the derivatized plasmenyl PE lipid, PE(p-16:0/18:1), by MS/MS in positive

ionization mode.

The presence of SM lipids was verified by the presence of the
phosphocholine headgroup at m/z 184.0739. The identity of the sphingoid
backbone, and indirectly the fatty amide, was found by the presence of an ion
corresponding to the loss of water from the protonated sphingoid backbone. The

sphingoid backbone of ceramide species were found by isolating and

fragmenting the [Cer + H - HZO]Jr precursor ion, which is readily formed in the ion

source. Similar to SM, the protonated sphingosine/sphinganine fragment ion
indirectly provides information on the identity of the fatty amide [195].

The fatty acyls that make up TG lipids were identified by the neutral loss of
ammonia and the fatty acids from the ammoniated adducts. Masses pertaining to
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the neutral losses of odd and even chain fatty acids were identified and grouped
together to make the number of carbons and double bonds in three fatty acids

equal the sum composition of the TG lipid that was isolated, without duplication

for sn position [199]. For example, a TG(52:1) precursor ion that yielded fatty acid
neutral losses corresponding to ammonia and FA(14:.0), FA(16:0), FA(16:1),
FA(17:0), FA@18:0), FA@18:1), FA(19:1), FA(20:0) and FA(20:1) was assigned as
TG(14:0 18:0 20:1), TG(14:0 18:1 20:0), TG(16:0_16:0 20:1), T1G(16:0_16:1_20:0);

TG(16:0_18:0_18:1), TG(16:1_18:0_18:0), TG(17:0_17:0_18:1) and TG(17:0_16:0_19:1).

Unfortunately, O-TG and P-TG lipid fatty acyl/alkyl/alkenyl substituents were
unable to be identified by this method due to a lack of ion isolation efficiency in

the ion trap associated with low ammonium ion adduct stability.

4.2.3.2 Negative lonization Mode HCD-MS/MS

All phospholipids, other than the plasmalogens, were characterized using
negative ionization mode HCD-MS/MS. Prior to introduction to the mass
spectrometer, samples were derivatized with iodine and methanol (i.e. not
additionally with DMBNHS) simply to separate plasmenyl species from plasmanyl
species. Diacyl and plasmanyl PC were fragmented from their formate adducts in
negative ionization mode. Upon isolation and fragmentation, a loss of methyl
formate verified the choline headgroup (NL 60.0221) and two other fragments

identified the fatty acyl/alkyl chains. Lipid identification including classification of
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the sn position, required the fragments associated with the neutral loss of the
fatty acyl as a ketene [173] as well as the presence of the deprotonated fatty acid
associated with the sn-2. If the parent ion was too low in abundance to form the
deprotonated lysodimethylethanolamine fragment, the acyl chains could still be
identified by the presence of the two deprotonated fatty acids which, when
combined, total the number of carbons and double bonds of the sum
composition. However, sn position cannot be assigned in these cases and the

““ ”

lipid was then notated with a in place of the “/” [4]l, as described in Chapter 1.

An example of how characterization of diacyl PC lipids is performed is shown in

Scheme 4.3.
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Scheme 4.3 Acyl chain identification and headgroup confirmation for the PC
lipid, PC(16:0/18:1), by MS/MS in negative ionization mode.

Verification of the headgroup of diacyl PE and plasmanyl PE in negative
ionization mode was achieved by the presence of an ion at m/z 196.0375;
however, this ion is not typically highly abundant and was not present in many
cases due to other, more favorable fragmentation pathways. Similar to PC, fatty
acyl/alkyl identification including classification of the sn position, required the
fragments associated with the neutral loss of the sn-2 fatty acyl as a ketene [173]
as well as the presence of the deprotonated fatty acid associated with the sn-2

position. Both fragments are required if the nominal m/z isolated includes both
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the formate adduct of a PC and deprotonated PE because the lyso PE fragment

formed is the same exact m/z as the lysodimethylethanolamine formed from PC

with 2 less carbons on the sn-1 chain. For example, if [PE(18:1/22:0) - H] and
[PC(16:1/18:2) + Form] are both present, the ion at m/z 478.2933 could be
assigned as [PE(18:1) - R2’CH=C=0 - HJ or [PC(16:1) -R2’CH=C=0 - CH3 - Form
- H] or both. Verification of the presence of both would be made by the presence
of the corresponding deprotonated fatty acyl: [FA(22:0) - H] for PE and [FA(18:2) -

H] for PC. Like PC, if the parent ion is too low in abundance to obtain the

deprotonated lysoethanolamine fragment, acyl chains may still be identified albeit

({3t

without sn chain assignment and the “_” is used.

Diacyl PS and plasmanyl PS were verified by the presence of a fragment
with a neutral loss of m/z 87.0320 from the deprotonated precursor. Acyl and/or

alkyl chain identification was determined by further fragmentation leading the [PS

- C3H502N - R2-COOH - HJ]'. An ion with the same exact m/z is formed by the

fragmentation of [PA-H] ions. Therefore, just like PC and PE, it is important for
the corresponding deprotonated fatty acid to also be present for both PS and PA
if there is a possibility for both ions to be present.

Pl ions were verified by the presence of a fragment at m/z 241.0113 from
the isolated deprotonated precursor. PA, Pl and PG ions form an ion at m/z
152.9953; therefore, there is not one specific ion for the verification of PA or PG

ions. These classes, as well as Pl ions, could be considered verified by the
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presence of their [M — R2’COOH)] ions with the presence of the corresponding

deprotonated fatty acid.

4.5.3 Comparison of Fatty Acyl Distributions Among SW480 and SW620 Cells

and Exosomes

Fatty acyl, alkyl and alkenyl distribution for the diacyl, plasmanyl and
plasmenyl PE lipids described in Figure 4.4 are shown in Figure 4.10A-4.10C.
Figure 4.10A shows the longer of the two acyl chains (higher number of carbons
and most double bonds) of the diacyl PE species. Figure 4.10B represents the
alkyl chain of the plasmanyl PE species and figure 4.10C shows the alkenyl
chain of the plasmenyl PE species. Although the distributions in the cells and
exosomes were not exact, many of the sum compositions contained the same
fatty acyls at similar ratios. The most substantial differences appeared to be

present in the longer carbon chain species and more unsaturated lipids such as

PE(38:4) Where the exosomes had a preference toward the less unsaturated acyl
chain FA(20:3) over FA(20:4) incorporation. Another notable difference was the

presence of a FA(p-20:5) in the PE(p-40:6) lipid in the exosomes, which was not

present in the cells and was contradictory to the fatty acyl preference in the diacyl

PE species.
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Figure 4.10 Distribution of fatty acids for the sum composition species from
Figure 4.4 shown in order: SW480 cells, SW620 cells, SW480 exosomes and
SW620 exosomes. (A) Percentages of the longest, most unsaturated fatty acids
of the two fatty acyl chains for diacyl PE species. (B) Percentages of the O- chain
for each plasmanyl PE species. (C) Percentages of the P- chain for each
plasmenyl PE species.
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Figure 4.10 (Cont’d)
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The fatty acyl and alkyl distributions among the PC lipid sum compositions
present in Figure 4.5 are found in Figure 4.11A and 4.11B, respectively. The fatty
acyl/alkenyl distributions were similar in the cells to each other and the

distributions were similar in the exosomes to each other, but the cells were

different than the exosomes (for example, PC(32:1), PC(33:1) and PC(36:4). The

plasmenyl PC graph was not shown as not all molecular lipids could be identified
for the few species included in Figure 4.5. This may be due PC functioning as a

main structural lipid [6,11]. The sheer size difference in the exosomes compared

to the cells may be a large contributing factor. Interestingly for PC(0-34:0), the

cells are nearly identical to their exosomes, but not to each other.
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Figure 4.11 Distribution of fatty acids for the sum composition species from

Figure 4.5 shown in order: SW480 cells, SW620 cells, SW480 exosomes and

SW620 exosomes. (A) Percentages of the longest, most unsaturated fatty acids

for diacyl PC species. (B) Percentages of the O- chain for each plasmanyl PC

species.
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Distribution of the fatty acyl and alkyl species of PS lipids are shown in
Figures 4.12A and 4.12B. Like PC, most sum compositions have very little
alteration in fatty acyl/alkyl components within the cells and exosomes. However,
the alkyl chain of the PS species for the SW620 lipid extracts included in Figure

4.12B are altered in some cases from both the SW480 cells and the SW620

exosomes. For example, PS(0-35:1) contains mostly PS(0-16:0/17:1) with a minor
amount of PS(0-17:0/16:1) in the SW620 cells. The SW480 cells and both

exosome samples consist of mostly PS(0-17:0/16:1)-
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The overall distribution of fatty acyls present in the TG species of the cells
and exosomes are shown in Figure 4.13. Although not identical, the distributions

of fatty acyls in the exosomes are similar to those in the cells.

14:0 m15:0 m16:0 16:1 m17:0 18:0 m18:1 m18:2
W20:0 W20:1 20:2 W20:3 mM22:0 [22:1 1122:2 mOther

%
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Figure 4.13 Distribution in percentage of fatty acyls for the sum composition
species of the triacyl TG from Figure 4.9 shown in order. SW480 cells, SW620
cells, SW480 exosomes and SW620 exosomes.

Table 4.1 shows the number of lipids identified by sum composition and
molecular lipid composition using the HRMS and HRMS/MS method described
here. Sum composition consists of those lipids identified by HRMS. The number
of molecular lipids pertains to the number of lipid species with identified fatty
acyl/alkyl/alkenyl chains by MS/MS. Total lipids consists of those species
identified at the molecular lipid level as well as those that were only identified by
sum composition. A total of 1338 and 1626 lipid species were identified in the
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SW480 and SW620 cells, respectively. Also, 828 and 829 lipid species were
found to be contained in the SW480 and SW620 exosomes, respectively. The

number of identified sum compositions and molecular lipid species is remarkably

higher than the previous method using dg-DMBNHS and acid hydrolysis for the

cells (Chapter 3) and the 277 molecular lipid species identified in PC-3 exosomes
[101]. The identities of the individual lipid in each of the lipid classes and sub-

classes are listed in Appendix C, Tables C.1-C.16.
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Table 4.1 Summary of the number of assigned sum compositions (Sum Comp),
identified lipids (ID Lipids), and total lipid species (Total) from crude lipid extracts
from SW480 and SW620 colorectal cancer cell lines and secreted exosomes.

SW480 Cells SW620 Cells SW480 Exosomes SW620 Exosomes
Sub- Sum Mol Sum Mol Sum Mol Sum Mol
Class Comp | Lipids Vel Comp | Lipids Vel Comp | Lipids Vot Comp | Lipids Tiattel
PE 51 130 132 46 124 124 48 71 81 32 70 70
O-PE 39 96 97 27 76 78 43 77 84 33 78 79
P-PE 44 73 83 42 85 91 48 96 107 43 79 89
LPE 15 15 15 13 13 13 18 18 18 16 16 16
O-LPE 5 5 5 4 4 4 4 4 4 4 4 4
P-LPE 4 4 4 4 4 4 4 4 4 4 4 4
PC 47 82 95 42 78 80 47 54 69 38 48 51
O-PC 42 40 58 39 41 55 34 22 39 32 26 39
P-PC 31 31 44 30 24 38 15 8 17 17 9 17
LPC 9 9 9 8 8 8 6 6 6 3 3 3
O-LPC 3 3 3 3 3 3 3 3 3 3 3 3
P-LPC 1 1 1 1 1 1 0 0 0 1 1 1
PS 29 78 79 26 83 85 30 71 72 30 75 77
O-PS 18 26 28 17 28 29 15 15 20 21 24 29
P-PS 3 2 3 4 4 5 3 2 3 6 3 6
LPS 0 0 0 1 1 1 2 2 2 2 2 2
O-LPS 4 4 4 4 4 4 6 6 6 4 4 4
P-LPS 2 2 2 2 2 2 2 2 2 2 2 2
PI 16 28 31 16 33 35 12 23 24 9 15 16
O-PI 6 7 9 2 2 3 4 3 4 2 2 2
P-PI 0 0 0 1 0 1 2 0 2 1 0 1
PG 9 12 13 12 17 20 5 4 6 13 6 15
O-PG 15 0 15 14 0 14 12 0 12 14 0 14
P-PG 1 0 1 0 0 0 1 0 1 1 0 1
O-LPG 4 4 4 3 3 3 2 2 2 2 2 2
SM 17 6 18 14 6 15 24 7 24 21 9 22
Cer 10 18 18 10 15 16 11 18 19 11 18 19
Hex-
Cer 4 0 4 3 0 3 4 0 4 4 0 4
TG 56 454 463 97 719 735 44 152 154 48 194 195
O-TG 20 0 20 52 0 52 0 0 0 0 0 0
P-TG 0 0 0 10 0 10 0 0 0 0 0 0
DG 23 0 23 28 0 28 19 0 19 13 0 13
0O-DG 13 0 13 16 0 16 7 0 7 8 0 8
P-DG 1 0 1 5 0 5 1 0 1 2 0 2
MG 18 18 18 16 16 16 9 9 9 11 11 11
O-MG 8 8 8 7 7 7 2 2 2 6 6 6
P-MG 0 0 0 1 1 1 0 0 0 0 0 0
Chol 1 1 1 1 1 1 1 1 1 1 1 1
Chol
Ester 16 16 16 20 20 20 0 0 0 1 1 1
Total 585 1173 | 1338 641 1423 | 1626 488 682 828 459 716 829

4.6 Conclusions and Future Directions
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The derivatization method described in Chapter 2 involving the use of

13Cl-DMBNHS and iodine/methanol derivatization has been used for the

comprehensive lipidome analysis of the adenocarcinoma cell lines SW480 and
SW620 and their secreted exosomes. The method developed is especially
beneficial where sample is limited as only a small amount of material is required

for analysis and there is minimal sample handling. Although there is currently

little focus on the individual lipid species (i.e. PC(34:1) or PC(16:0/18:1)) or fatty

acid distributions within each lipid class in disease progression or biomarker
discovery, the ability to profile tissues, cells and exosomes to this extent may
lead to information about individual fatty acid substrate preference and/or lipid
metabolism. This information may also lead to more specific biomarker
discovery, such as at the molecular lipid level, as opposed to the lipid class or
sub-class level.

Profiling lipids and tissues of disease states leads to many questions
about lipid metabolism and why the alterations are happening. Exploring the
functional aspects of why several of these lipid sub-classes are enriched, such as
the plasmalogens, PS, SM and Cer, etc., could lead to a larger understanding of
how and why these alterations occur. For example, Benjamin, et. al. reported
lower proliferation, migration and invasion as well as fatty acid remodeling in cell
lines with AGPS knocked down [75]. A continuation of a similar experiment with
the SW480 and SW620 cells with expansion to include the exosomes also could
be beneficial to understanding how plasmanyl and plasmenyl lipids affect

exosome secretion, uptake/fusion, or lipid remodeling in exosome formation. This

160



information could be beneficial for understanding the mechanisms by which cells
and exosomes communicate with each other. Furthermore, many more models
for cancer progression and metastasis could also be explored, including some
model organisms and clinical samples. Lipids are only one part of cellular
functionality. Other biomolecules such as proteins, RNAs and metabolites would
be beneficial to analyze in conjunction with the lipids for a higher understanding
of the metabolic pathways of cancer metastasis. These large amounts of data
need to be correlated to one another to make sense of what is happening in the

cells/tissues as a whole.
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CHAPTER 5

Experimental Methods

5.1 Materials

SW480 cells were purchased from American Type Culture Collection
(ATCC) (Manassas, VA). RPMI 1640 medium, penicilin and streptomycin

antibiotic mix and 0.25% Trypsin-EDTA, were obtained from Invitrogen

(Carlsbad, CA). LC grade water, methanol (MeOH), chloroform (CHCI3) and ACS

grade isopropanol (IPA) were purchased from Macron Chemicals (Center Valley,
PA). lodine, N,N-dimethylformamide (DMF) and triethylamine (TEA) were from
Jade Scientific (Westland, MI). Dichloromethane (DCM) was from Mallinckrodt

Chemicals (Phillipsburg, NJ, USA). 99% formic acid was purchased from

Spectrum Scientific (Irvine, CA). Acetonitrile (CH3CN) was purchased from EMD

Chemicals (San Diego, CA, USA). Ammonium formate was obtained from Alfa
Aesar (Ward Hill, MA). Ammonium bicarbonate was from J.T. Baker

(Phillipsburg, NJ), USA). Synthetic lipid standards were from Avanti Polar Lipids,

Inc. (Alabaster, AL). 13C-iodomethane (99% 13C) was obtained from Sigma

Aldrich (St. Louis, MO, USA).

5.2 Cell Culture Conditions and Protocols
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SW480 and SW620 cells were routinely cultured in RPMI1640 medium

supplemented with 10% FBS, 100 unit/mL penicillin and 100 ug/mL streptomycin

(complete culture medium) at 37°C and 5% CO> atmosphere. Approximately 2 x

106 cells were seeded into 75 cm2 culture flask containing 10mL of the complete

culture medium and cultured until cell density reached 80% confluence.

5.2.1 Cell Counting

The cells were washed three times with PBS and lifted off the culture

plates with 0.25% Trypsin-EDTA. Cell suspensions were centrifuged at 1000 rpm

at 20°C for 5 minutes. The medium was then carefully aspirated and the cells

were resuspended in clean medium. Cells were then counted using a

hemocytometer or by a cell counter.

5.2.2 Exosome Isolation

In order to generate conditioned medium for crude exosome isolation,

approximate 2 x 106 cells were plated into 150 mm diameter cell culture dishes

(30 dishes per cell line) in 25 mL of medium and cultured until the cell density
reached 70-80% confluence. The cells were washed four times with RPMI1640

medium and then cultured in 15 mL of serum-free culture medium (RPMI1640
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medium supplemented with 0.8% insulin, selenium and transferrin (ITS), 60
pHg/mL benzylpenicillin and 100 pg/mL streptomycin) for 24 h before the collection
of conditioned medium.

Conditioned media were collected after SW480 or SW620 cells were
cultured under the serum free condition for 24 h (RPMI1640 medium
supplemented with 0.8% ITS). The conditioned media were centrifuged at 400g

for 5 min to remove floating cells then 2,000g for 10 min to remove cell debris.

The resultant supernatant was centrifuged at 10,000g for 30 min at 4°C to pellet

and remove shed micro-vesicles. The supernatant was further centrifuged at

100,000g for 1 h at 4°C to pellet crude exosomes. The isolated crude exosomes

were resuspended in PBS and lyophilized for further lipid extraction.

5.3 Modified Folch Lipid Extraction

Extraction of lipids from SW480 and SW620 cells and exosomes was

performed using a modified Folch method, as previously described [108,110].
Briefly, 106 - 2x107 lyophilized or freshly trypsinized cells, or lyophilized isolated
exosomes were suspended in 2mL 40% MeOH in 15mL test tubes with PTFE
lines screw caps. 4mL 2:1 CHCI3/MeOH was added to the cell suspensions and
vortexed on high for 1 minute. Cell suspensions were centrifuged for 10 minutes
at 30009 at 20°C. The organic phase (bottom) was transferred to a separate test

tube. 4mL CHCI3 was added to the aqueous phase, vortexed on high for 1
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minute and centrifuged for 10 minutes at 3000g at 20°C. The organic phase was

removed and added to the previous organic phase. Organic solvent was dried

completely under a stream of N2(g). Dried lipid extracts were either redissolved

in CHCI3, transferred to a separate test tube and re-dried with N2(g) or placed
under reduced pressure overnight to ensure complete drying occurred. Stock
solutions were prepared by dissolving the dried crude cell lipid extracts in 600 L

of 4:2:1 IPA/MeOH/CHCI3. Crude exosome extracts were suspended in 200 uL
of 4:2:1 IPA/MeOH/CHCI3. Lipid extracts were stored in 2 mL glass vials with

PTFE lined caps (Fisher Scientific, Fairlawn, NJ) at -80°C prior to further

analysis.

5.4 High Resolution MS (HRMS) Analysis

Samples (n=3-5 replicates) were loaded into a Whatman multichem 96-
well plate (Sigma Aldrich, St. Louis, MO) and sealed with Teflon Ultra Thin
Sealing Tape (Analytical Sales and Services, Prompton Plains, NJ). The samples
were then introduced into a high resolution/accurate mass Thermo Scientific
model LTQ Orbitrap Velos mass spectrometer equipped with a dual pressure ion
trap and an HCD multipole collision cell (San Jose, CA) using an Advion Triversa
Nanomate nano-electrospray ionization (nESI) source (Advion Ithaca, NY) with a

spray voltage of 1.4 kV and a gas pressure of 0.3 psi. The ion source interface
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settings (inlet temperature of 100°C and S-Lens value of 50%) were optimized to

maximize the sensitivity of the precursor ions while minimizing ‘in-source’
fragmentation. High resolution mass spectra were acquired in positive and
negative ionization mode using the FT analyzer operating at 100,000 resolving
power, across the range of m/z from 200-2000, and were signal averaged for 2-3
minutes. Mass spectra were initially acquired at a range of different dilutions of
the lipid extracts to determine the range at which linearity in the response of
specific lipids was observed, and to ensure that the ratio of specific lipid ion
abundances compared to other lipids within the mixture, or compared to the
internal standards, remained constant. External calibration of the instrument was
initially performed using the standard Thermo LTQ calibration mixture.
Automated Gain Control (AGC) target numbers were maintained at the default

settings for all MS experiments.

5.4.1 Aminophospholipid Derivatization with DMBNHS

de-DMBNHS was synthesized as previously reported [240]. 13C1-

DMBNHS was also synthesized as previously reported [282]. 5 uL of the stock

lipid extract, 10 pyL each of 10 uM PC(14:0/14:0) and PE(14:0/14:0) and 3.25 pL
PS(14:0/14:0) were dried under a stream of nitrogen, then redissolved in 40 L of
39:1.1 CHCI3 containing 0.0125 M TEA and vortexed for 30 seconds. 1 yL of

0.0125 M dg-DMBNHS or 13C1-DMBNHS in DMF was then added to the lipid

166



mixture and vortexed for 30 min. The reaction was quenched by drying under a

stream of nitrogen then re-dissolved in 200 pL 4:2:1 IPA/MeOH/CHCI3 containing

20 mM ammonium formate for immediate analysis by ESI-MS.

5.4.2 Acid Hydrolysis of Plasmalogen Lipids

Following derivatization with dg-DMBNHS, then drying under N2 as

described above, 40 pL of 80% formic acid in 4:2:1 IPA/MeOH/CHCI3 was added

to the sample and allowed to react for 1 min. The solvent was then immediately

evaporated under reduced pressure and samples were re-dissolved in 200uL

4:2:1 IPA/MeOH/CHCI3 containing 20 mM ammonium formate for immediate

analysis by ESI-MS.

5.4.3 lodine and Methanol Derivatization of Plasmalogen Lipids

For lipid standard reactions, 10uL each of 100uM lipid standards (PE(p-
18:0/22:6), PC(P-18:0/22:6), PE(14:0/14:0), PE(18:0/22:6), PC(14:0/14:0), PC(18:1/18:1),
PC(18:2/18:2), TG(14:0/16:1/14:0), TG(16:0/16:0/18:1), TG(18:1/16:0/18:1) and
TG(18:0/18:0/18:1)) were dried under a stream of nitrogen then redissolved in 60uL

ice cold 2:1 CHCI3/CH30H with 2 mM ammonium bicarbonate and 0.167 mM
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iodine (i.e., a 5 fold molar excess with respect to the total plasmenyl lipid

concentration). For cell extract reactions, 5 yL of the stock SW480 lipid extract

and 10 pL each of 10 uyM PC(14:0/14:0) and PE(14:0/14:0) were combined then

dried under a stream of nitrogen, then redissolved in 60uL ice cold 2:1

CHCI3/CH30H with 2mM ammonium bicarbonate and 1.33 mM iodine (estimated

to be a 10 fold molar excess with respect to the total plasmenyl lipid
concentration). The solutions were reacted in an ice bath for 5 minutes and dried

under a stream of nitrogen. The resulting products were then re-dissolved in 200

uL 4:2:1 IPA/CH30H/CHCI3 containing 20 mM ammonium formate for immediate

analysis by MS.

5.5 HRMS and MS/MS Data Analysis Strategies

5.5.1 HRMS Data Analysis Using LIMSA

Post acquisition internal mass calibration was performed using the

recalibration software in Xcalibur (Thermo Scientific, San Jose, CA), using a

peak list consisting of the calculated m/z values of the protonated PE(14:0/14:0),

PC(14:0/14:0) and PS(14:0/14:0) internal standards, and an abundant PC(36:2) lipid

present in the extract in positive ionization mode, and the calculated m/z values

of the formate adducts of the internal standard PC2g:0) lipid, and the formate
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adduct of the PC(34:2) and deprotonated PA(34:0) and Pl(36:1) lipids present in

the extract in negative ionization mode (the identities of these lipids were all first
confirmed using MS/MS). Peak lists containing the recalibrated masses and
intensities were then transferred to Microsoft Excel, then lipid identification (i.e.,
assignment of the lipid headgroup, the nature of the linkage of the hydrophobic
tails (i.e., diacyl versus alkyl or alkenyl) and the total number of carbons and
degree of unsaturation) and quantitation was performed using the Lipid Mass
Spectrum Analysis (LIMSA) v.1.0 software linear fit isotope correction algorithm
[233], in conjunction with an ‘in-house’ developed database of hypothetical lipid

compounds (Appendix B), for automated peak finding (using a peak width

tolerance of 0.003 and a sensitivity of 0.1%) and for the correction of 13C isotope

effects. Peaks originally picked by LIMSA that were outside the 95% confidence
level of the experimental mass accuracy (determined to be 2.57ppm) were
removed. No attempts were made to quantitatively correct for different ESI
responses of individual lipids due to concentration, acyl chain length or degree of
unsaturation. Thus, the abundance of the ions corresponding to individual

molecular species within each lipid class, normalized to the abundance of the

PC(14:0/14:0) internal standard, are reported here as the percentage of the total

lipid ion abundance for each class, and not the absolute concentrations. All lipid

classes (PC, PE, PS, PG, PI, LPC, LPE, LPS, TG, DG, MG, SM, Cer, Hex-Cer,

Chol and Chol esters) except for PA were identified and quantified from the dg-
DMBNHS or 13C1-DMBNHS and lodine/Methanol derivatized spectra.
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Determination of the abundance of PA lipids was performed in negative ion
mode, then a correction was applied to the positive ion mode spectra to remove
the contribution of these lipids to the PC lipid ion abundances. An appropriate
correction factor was determined using the negative and positive ion abundances
measured using a series of PA lipid standards analyzed under the same
conditions as the lipid extracts. For data described in Chapter 3, bar graphs
represent the percent of each lipid sum composition as a function of the total
abundance of each lipid sub-class. For data described in Chapter 4, sum

composition bar graphs represent the lipid abundance normalized to the internal

standard, PC(14:0/14:0), per ug of total protein. For chapter 3, student’s t-test with

2 tailed distribution, two sample unequal variance was used to evaluate
differences in the individual ion abundances between the SW480 and SW620 cell
line crude lipid extracts, with p < 0.01 considered statistically significant. For
chapter 4, one-way ANOVA (Microsoft Excel Software) was used to evaluate
differences (p<0.01) among SW480 and SW620 cells and exosomes. Student’s t-
test with 2 tailed distribution, two sample unequal variance was used to evaluate
differences in the individual ion abundances between the SW480 and SW620 cell
extracts, SW480 cell and exosome extracts, SW620 cell and exosome extracts,
and SW480 and SW620 exosome extracts, with p < 0.01 considered statistically

significant. Data were presented as mean + standard deviation.

5.5.2 MS/MS Molecular Lipid Identification and Relative Quantification
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Lipids were derivatized with both 1301-DMBNHS and iodine and methanol

for analysis in positive ionization mode, but only derivatized with iodine and
methanol for negative ionization mode experiments to resolve vinyl ether lipids
from the alkyl ether lipids. For the phospholipids, HCD-MS/MS was performed in
negative ionization mode on the deprotonated precursor ions, with the exception
of PC lipids, which were analyzed as their formate adducts. For TG lipid ions,
positive ion mode HCD-MS/MS spectra were acquired to observe the neutral loss
of characteristic fatty acids from the ammonium ion adducts at each of the
identified precursor ion m/z values for these lipids, as previously described [199].
SM characterization was performed on the protonated ions in positive ionization

mode [195] whereas Cer was characterized by fragmentation of the [Cer — H,0O +

H]+ peaks. All lipid characterization for ‘shotgun’ experiments is explained in the

specifications spelled out in Appendix B.
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APPENDIX A

This appendix contains supplemental figures for chapter 3.
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Figure A.1 Quantitation of PA lipids from the dg-DMBNHS derivatized SW480
and SW620 cell crude lipid extracts. (A) Percent individual PA ion abundances
compared to the total ion abundance for all PA lipids. (B) Percent total ether-
linked PA ion abundance compared to the total PA lipid ion abundance. (C)
Percent total PA ion abundance compared to the total ion abundance for all
identified lipids. n =5, * = p < 0.01.
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Figure A.2 Quantitation of PS lipids from the dg-DMBNHS derivatized SW480
and SW620 cell crude lipid extracts. (A) Percent individual PS ion abundances
compared to the total ion abundance for all PS lipids. (B) Percent total ether-
linked PS ion abundance compared to the total PS lipid ion abundance. (C)
Percent total PS ion abundance compared to the total ion abundance for all
identified lipids. n =5, * = p < 0.01.
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Figure A.3 Quantitation of LPS lipids from the dg-DMBNHS derivatized SW480
and SW620 cell crude lipid extracts. (A) Percent individual LPS ion abundances
compared to the total ion abundance for all LPS lipids. (B) Percent total LPS ion
abundance compared to the total ion abundance for all identified lipids. n =5, * =

p <0.01.
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Figure A.4 Quantitation of PG lipids from the dg-DMBNHS derivatized SW480
and SW620 cell crude lipid extracts. (A) Percent individual PG ion abundances
compared to the total ion abundance for all PG lipids. (B) Percent total PG ion
abundance compared to the total ion abundance for all identified lipids. n =5, * =
p <0.01.
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Figure A.5 Quantitation of Pl phospholipids from the ds-DMBNHS derivatized
177

SW480 and SW620 cell crude lipid extracts. (A) Percent individual Pl ion
total ether-linked PI ion abundance compared to the total PI lipid ion abundance.
(C) Percent total Pl ion abundance compared to the total ion abundance for all

abundances compared to the total ion abundance for all Pl lipids. (B) Percent
identified lipids. n =5, * = p < 0.01.



#

N
-

o
~

I I I I I I
o o o o o o
© 7o) < ™ N —

9duepungy uo| 94 18yig %

® SwW480
® SW620

t
o n o
— — B

N
aouepuNQY Uo| HA %

25

Figure A.6 Quantitation of DG phospholipids from the dg-DMBNHS derivatized

SW480 and SW620 cell crude lipid extracts. (A) Percent individual DG ion

abundances compared to the total ion abundance for all DG lipids. (B) Percent
total ether-linked DG ion abundance compared to the total DG lipid ion

abundance. (C) Percent total DG ion abundance compared to the total ion

abundance for all identified lipids. n =5, * = p < 0.01.
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Figure A.7 Quantitation of MG phospholipids from the dg-DMBNHS derivatized
SW480 and SW620 cell crude lipid extracts. (A) Percent individual MG ion
abundances compared to the total ion abundance for all MG lipids. (B) Percent
total ether-linked MG ion abundance compared to the total MG lipid ion
abundance. (C) Percent total MG ion abundance compared to the total ion
abundance for all identified lipids. n =5, * = p < 0.01.

179



=
(N

70
X o SW480
B SW620 X
60 1
[0}
8 50 2
G T 0.8
o] ©
c C
S 40 .8
< < 0.6
[ C
S 30 o
T
% o4
S X
10 0.21
e ma R I
0,% o-.
D N R YN SN O
Q- 3 0y Q) Q) "0 % Q Q N* e f\,
ST TS EEFFFTTITITEFE S
S SIS
$ & & & @ & & S N Z NN SN S YS
© o %) Oy 3 %) Q © A W 2] 29) () 29 S
‘O@ ‘0({? o.?g) '\Qg) "'JQ'/)\ ‘063 Q:g) '\Q')Q Qéb ‘0({3\ (0‘2()0 ’\‘bb o.:'ga \f.gb ’\‘gj "‘)Q'()b ")/\Q
F & & R A A A OO RS oSS

Figure A.8 Quantitation of SM from the dg-DMBNHS derivatized SW480 and
SW620 cell crude lipid extracts. (A) Percent individual SM ion abundances
compared to the total ion abundance for all SM lipids. (B) Percent total SM ion
abundance compared to the total ion abundance for all identified lipids. n =5, * =
p <0.01.
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Figure A.9 Quantitation of Cer from the dg-DMBNHS derivatized SW480 and
SW620 cell crude lipid extracts. (A) Percent individual Cer ion abundances
compared to the total ion abundance for all Cer lipids. (B) Percent total Cer ion
abundance compared to the total ion abundance for all identified lipids. n =5, * =
p <0.01.
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FigureA.10 Quantitation of cholesterol (Chol) and cholesterol esters (Chol ester)

from the dg-DMBNHS derivatized SW480 and SW620 cell crude lipid extracts.
(A) Percent of total Chol ion abundance compared to the total ion abundance for
all lipid peaks identified. (B) Percent individual Chol ester ion abundances
compared to the total ion abundance for all Chol ester lipids. (C) Percent total
Chol ester ion abundance compared to the total ion abundance for all identified
lipids.n=5,*=p <0.01.
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APPENDIX B

This appendix contains information on identification and characterization of lipids
based on sub-structures including base structures, R-groups and possible
alterations. The “Formula to be Used” column contains the molecular formula to
be used when determining the m/z of whole lipids and fragments. They are

altered from the formula of the structure in order to maintain neutrality.

Table B.1 Base structures for lipid building blocks: Symbol used in the “code”
tables, Molecular structure of the base and formula of the base to be used when
summing the parts of each lipid of the code.

Symbol Structure Formulato be
Used
Bl R1""’O/\/\OJ"”R3 C3H503
o)
"lnRz
B, OH CoH40oN
o
%
R1 R3
HN
"I,Rz
B C27H450
R4
™o
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Table B.2 R-group structures for lipid building blocks labeled with R1: Symbol
used in the “code” tables, Molecular structure of the R-group and formula of the
R-group to be used when summing the parts of each lipid of the code. (Note: F =
number of Carbons and T = number of double bonds).

Symbol Structure Formula

Ri-1 O CgH(2E-1-2m)0

X

CE-1)H(2E-1-2T)

Ri-2 AN CeH2E+1-2T
" C(E-1)H(2E-1-2T) (2E+1-21)
R1-3 / CeH(2g+2-21)0l
o) |
o C(E-2)H(2E-3-2T)
Ry ooH H
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Table B.3 R-group structures for lipid building blocks labeled with R2: Symbol
used in the “code” tables, Molecular structure of the R-group and formula of the
R-group to be used when summing the parts of each lipid of the code. (Note: F =
number of Carbons and U = number of double bonds).

Symbol Structure Formula

R2-1 T CrH(2F-1-2v)0O
o CF-1)H(2F-1-2v)

R2-2 PO C(F-1)H(2F-1-2U) CrH(2F+1-20)

Ro.3 J/ CrH(2F+2-2u)0l

AL

C(F-2)H(2F-3-2V)

H H

R2-4 o
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Table B.4 R-group structures for lipid building blocks labeled with R3: Symbol
used in the “code” tables, Molecular structure of the R-group and formula of the
R-group to be used when summing the parts of each lipid of the code. (Note: G =
number of Carbons and V = number of double bonds).

Symbol Structure Formula
Rj. CgH1oN
31 +,L/
J“\N\/ N
R3_2 J\,\J“\/NHZ CZHGN
Ra.3 o NH; C3HgOoN
HO @)
R3_4 OH C6H1105
HO OH
o OH
OH
R3_5 J\‘\N\(\OH C3H702
OH
R3.6 J\NH H
Rs.7 CHD\ CeH(26-1-2v)
o CG-1)H(2G-1-2v)
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Table B.5 Additional alteration structures for lipid building blocks: Symbol used in
the “code” tables, Molecular structure of the alteration and formula of the
additional block to be used when summing the parts of each lipid of the code.

Symbol Structure Formula
P O HOsP
|_©O
N,
~ \OH
D 0 13CH, | C5*3CH100S
ﬂ“J +“l’
™~

Table B.6 Codes and Lipid Sum Composition readout for positive ionization
mode MS analysis. (Note: E, F, G and X = number of Cwhere E+ F + G = X. T,
U, V and Y = number of double bonds where T+ U +V =Y).

lon Observed ([M + adduct]+) Lipid Sum Composition
[B1R1.1R2-1PR3.1 + H] PC(x:v)
[B1R1.2R2.1PR3.1 + H] PC(0-x:Y)
[B1R1-3R2-1PR3.1 + H] PC(P-x:Y)
[B1R1.1R2-4PR3.1 + H] LPCx:v)
[B1R1.2R2.4PR3.1 + H] LPC(0-x:Y)
[B1R1.3R2.4PR3.1 + H] LPC(p-x:Y)
[B1R1-1R2-1PR3.2D + H]" PE(x:Y)
[B1R1.2R2.1PR3.2D + H]" PE(0-x:Y)
[B1R1.3R2-1PR3.2D + H]" PE(p-x:Y)
[B1R1-1R2-4PR3.2D + H]" LPE(X:Y)
[B1R1.2R2.4PR3.2D + H]" LPE(0-X:Y)
[B1R1-3R2-4PR3.2D + H]" LPE(P-x:Y)
[B1R1-1R2-1PR3-3D + H]" PS(x:v)
[B1R1-2R2-1PR3-3D + H] " PS(0-x:v)
[B1R1-3R2-1PR3-3D + H] " PS(P-x.Y)
[B1R1-1R2-4PR33D + H] " LPS(x.v)
[B1R1-2R2-4PR3.3D + H]" LPS(0-x:Y)
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Table B.6 (Contd)

[B1R1-3R2.4PR3.3D + H]" LPS(P-x:v)
[B1R1-1R2-1PR3-4 + NHa]" Pl(x:v)
[B1R1.2R2.1PR3.4 + NHg]" PlO-X:Y)
[B1R1-3R2-1PR3.4 + NH4]" Pl(P-x:Y)
[B1R1-1R2-4PR3.4 + NHa]" LPI(x:Y)
[B1R1-2R2.4PR3.4 + NHa]" LPl(0-x:Y)
[B1R1-3R2-4PR3.4 + NHq]" LPI(P-x:Y)
[B1R1-1R2-1PR3.5 + NHa]" PG(x:Y)
[B1R1-2R2.1PR3.5 + NHa]" PG(0-x:Y)
[B1R1-3R2-1PR3-5 + NHa]" PG(P-x:Y)
[B1R1.1R2-4PR3.5 + NHg]" LPG(x:Y)
[B1R1-2R2-4PR3.5 + NHa]" LPG(0-x:Y)
[B1R1-3R2-4PR3.5 + NHa]" LPG(P-x:Y)
[B1R1-1R2-1PR3-6 + NH4]" PAX:Y)
[B1R1-2R2.1PR3.6 + NH4]" PAO-X:Y)
[B1R1-3R2-1PR3.6 + NH4]" PA(P-x:Y)
[B1R1-1R2-4PR3.6 + NHa]" LPA(X:Y)
[B1R1-2R2-4PR3.6 + NH4]" LPA(O-X:Y)
[B1R1-3R2-4PR3.6 + NH4]" LPA(P-X:Y)
[B1R1-1R2-1R3.1 + NHg]" TG(x:v)
[B1R1-2R2.1R3.1 + NHz]" TG(o-x:Y)
[B1R1-3R2-1R3.1 + NHz]" TG(P-x:Y)
[B1R1-1R2-1R3.6 + NH4]" DG(x:v)
[B1R1-2R2.1R3.6 + NH4]" DG(0-x:v)
[B1R1-3R2-1R3.6 + NH4]" DG(P-x:Y)
[B1R1-1R2-4R3-6 + NHz]" MG(x:y)
[B1R1-2R2-4R3.6 + NH4]" MG(o-x:v)
[B1R1-3R2-4R3.6 + NHa]" MGp-x:Y)
[B2R1-2R2.1PR3.1 + H] SM(x+2:Y)
[B2R1-2R2-1R3.6 + H] Cer(x+2:v)
[B2R1-2R2-1R3.4 + H] Hex-Cer(x+2:v)
[B3R1.4 + NHg]" Chol
[B3R1-1 + NH4]+ Chol Ester(x:y)
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Table B.7 Codes and Lipid Sum Composition readout for negative ionization
mode MS analysis. (Note: E, F, G and X = number of Cwhere E+ F + G = X. T,
U, V and Y = number of double bonds where T + U + V =Y).

lon Observed ([M +/- adduct]) Readout
[B1R1-1R2-1PR3.1 + HCO] PC(x:v)
[B1R1-2R2-1PR3.1 + HCO] PC(0-x:Y)
[B1R1-3R2-1PR3.1 + HCO2] PC(P-x:v)
[B1R1-1R2-4PR3.1 + HCO2] LPC(x:Y)
[B1R1-2R2-4PR3.1 + HCO] LPC(0-x:Y)
[B1R1-3R2-4PR3.1 + HCO] LPC(P-x:Y)
[B1R1-1R2-1PR3-2 - H]" PE(X:Y)
[B1R1-2R2-1PR3.2 - H]* PE(0-x:Y)
[B1R1-3R2-1PR32 - H] PE(P-x:Y)
[B1R1-1R2-4PR3-2 - H]" LPE(x:Y)
[B1R1.2R2.4PR32 - H] LPE(O-X:Y)
[B1R1.3R2.4PR32 - H]" LPE(P-X:Y)
[B1R1-1R2-1PR3-3 - H]" PS(x:v)
[B1R1-2R2-1PR3.3 - H]" PS(0-x:Y)
[B1R1.3R2.1PR3.3 - H] " PS(p-x:v)
[B1R1.1R2-4PR3.3 - H]" LPS(x:v)
[B1R1-2R2-4PR3.3 - H]" LPS(0-x:Y)
[B1R1.3R2-4PR3.3 - H]" LPS(P-x:Y)
[B1R1.1R2.1PR3.4 - H]" Pl(x:v)
[B1R1.2R2.1PR3.4 - H]" Pl(0-x:Y)
[B1R1-3R2-1PR3.4 - H]" Pl(P-x:Y)
[B1R1.1R2.4PR3.4 - H]" LPl(x:v)
[B1R1-2R2-4PR3.4 - H]" LPI(0-x:Y)
[B1R1.3R2.4PR3.4 - H]" LPI(p-x:Y)
[B1R1.1R2.1PR3.5 - H]" PG(x:Y)
[B1R1.2R2.1PR3.5 - H]" PG(0-x:Y)
[B1R1-3R2-1PR3.5 - H]" PG(p-Xx:Y)
[B1R1-1R2-4PR3.5 - H]" LPG(x:Y)
[B1R1-2R2-4PR3.5 - H]" LPG(0-X:Y
( )
+
[B1R1-3R2-4PR3.5 - H] LPG(p-x:Y)
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Table B.7 (Cont’d)

+

[B1R1-1R2-1PR3.6 - H] PA(X:Y)
[B1R1.2R2-1PR3.6 - H] PAO-X:Y)
[B1R1-3R2-1PR3.6 - H] " PAP-X:Y)
[B1R1.1R2.4PR3. - H] LPA(X:Y)
[B1R1-2R2-4PR3.6 - H]" LPAO-X:Y)
[B1R1-3R2-4PR3.6 - H] " LPA(P-X:Y)
[B2R1-2R2-1PR3.1 + HCO2] SM(x+2:Y)
[B2R1-2R2-1R3-6 - H]+ Cer(x+2:v)

+
[B2R1-2R2-1R3-4 - H] Hex-Cer(x+2:v)
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Table B.8 Codes and Readout for the confirmation and acyl/alkyl/alkenyl chain
identification of PC lipids via MS/MS analysis. (Note: E, F and X = number of C
where E + F =X. T, U and Y = number of double bonds where T + U =Y).

If

Then (Readout)

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-1
AND

-MS/MS of [M + HCO3] yields [B1R1-1R2.1PR3.1 — CH3]

and [B1R1-1R2-4PR3-1 — CH3]_ and
[B1R1-4R2-1PR3.1 — CH3]

AND

[B1R1-1R2-4PR3.1 — CH3] *0.6 <
[B1R1-4R2-1PR3.1 — CH3]

AND

E+F=Xand T+U=Y

PC(E:T/F:L)
AND

PC(F:U/E:T)

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-1
AND

-MS/MS of [M + HCO3] yields [B1R1-1R2.1PR3.1 — CH3]

and [B1R1.1R2-4PR3.1 — CH3] and
[B1R1-4R2-1PR3.1 — CH3]

AND

[B1R1-1R2-4PR3.1 — CH3] * 0.6 >
[B1R1-4R2-1PR3.1 — CH3]

AND
E+F=XandT+U=Y

PCE:T/IFU)

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-1
AND

-MS/MS of [M + HCO3] yields [B1R1-1R2-1PR3.1 — CH3]

and [B1R1-1R2-4PR3.1 — CH3] and [R2.1 + O]
AND
E+F=XandT+U=Y

PC(E:T/IF:L)

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-1
AND

-MS/MS of [M + HCO3] yields [B1R1-1R2.1PR3.1 — CH3]

and [R1-1 + O] and [R.1 + O]
AND
E+F=XandT+U=Y

PCE:T_F:L)
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Table B.8 (Cont'd)

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-1
AND

-MS/MS of [M + HCO3] yields [B1R1-1R2.1PR3.1 — CH3]

PC(x:Y)

+MS or —MS lon Observed includes B1R1-2 R2-1PR3-1
AND
-MS/MS of [M + HCO3] yields [B1R1-2R2.1PR3.1 — CH3]

and [B1R1-2R2.4PR3.1 — CH3] and [R2.1 + O]
AND
E+F=XandT+U=Y

PC(0-E:T/F:V)

+MS or —MS lon Observed includes B1R1-2 R2-1PR3-1
AND

-MS/MS of [M + HCO3] yields [B1R1-2R2.1PR3.1 — CH3]

PC(0-x:Y)

+MS or —MS lon Observed includes B1R1-3 R2-1PR3-1
AND

PC(P-(X-F):(Y-

+ + U)/F:U)
+MS/MS of [M + H] vyields [PR3-1 + OH] and
+
[B1R1-4R2-1PR3-1 + H]
+MS or —MS lon Observed includes B1PR3-1 Will Include “PC”
AND (PC, O-PC, P-PC,
+MS/MS of [M + H]" yields [PR3.1 + OH]" tgg O-LPC, P-
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Table B.9 Codes and Readout for the confirmation and acyl/alkyl/alkenyl chain
identification of PE lipids via MS/MS analysis. (Note: E, F and X = number of C
where E + F =X. T, U and Y = number of double bonds where T + U =Y).

If

Then (Readout)

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-2
AND

-MS/MS of [M - H] yields [B1R1-1R2-4PR3.2 — H] and
[B1R1-4R2-1PR3-2 — H]

AND

[B1R1-1R2-4PR3.2 — H] * 0.6 < [B1R1.4R2.1PR3-2 — H]
AND

E+F=Xand T+U=Y

PE(E:T/F:U)
AND

PE(F:U/E:T)

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-2
AND

-MS/MS of [M - H] yields [B1R1-1R2-4PR3.2 — H] and
[B1R1-4R2-1PR3-2 — H]

AND

[B1R1-1R2-4PR3.2 — H] * 0.6 > [B1R1.4R2-1PR3-2 — H]
AND

E+F=Xand T+U=Y

PE(E:T/F:V)

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-2
AND

-MS/MS of [M - H] yields [B1R1-1R2-4PR3.2 — H] and
[Ro-1+ O]

AND

E+F=Xand T+U=Y

PE(E:T/F:U)

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-2
AND

-MS/MS of [M - H] vields [R1-1 + O] and [Ro.1 + O]
AND

E+F=XandT+U=Y

PEE:T_F:V)

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-2
AND

+MS/MS of [M - H] yields [B1PR3.2 —H]

PE(X:Y)
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Table B.9 (Cont'd)

+MS or —MS lon Observed includes B1R1-2 R2-1PR3-2 PE(0O-E:T/F:U)

AND

-MS/MS of [M - H] yields [B1R1-2R2.4PR3.2 — H] and

[R2-1+ O]

AND

E+F=Xand T+U=Y

+MS or —MS lon Observed includes B1R1-2 R2-1PR3-2 PE(0-x:Y)

AND

+MS/MS of [M - H] vyields [B1PR3.2 —H]

+MS or —MS lon Observed includes B1R1-3 R2-1PR3-2 PE(P-(X-F):(Y-

AND N . | WIFU)

+MS/MS of [M + H] vyields [B1R1-4 R2-1PR3-2 + O2C3Hg]

+MS or —MS lon Observed includes B1PR3.2D Will Include “PE”

AND (PE, O-PE, P-PE,
. LPE, O-LPE, P-

+MS/MS of [M + H] yields [PR3-2 + O2C3Hg] " LPE)
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Table B.10 Codes and Readout for the confirmation and acyl/alkyl/alkenyl chain
identification of PS lipids via MS/MS analysis. (Note: E, F and X = number of C
where E + F =X. T, U and Y = number of double bonds where T + U =Y).

If

Then (Readout)

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-3 PS(E:T/F:V)
AND AND
-MS/MS of [M - H] vyields [B1R1-1R2-1P] and [B1R1-1P — H] | PS(F:U/E:T)
and [B1R2-1P — H]

AND

[B1R1.1P- H] * 0.6 < [B1R2-1P — H]

AND

E+F=XandT+U=Y

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-3 PS(E:T/F:v)
AND

-MS/MS of [M - H] vyields [B1R1-1R2-1P] and [B1R1-1P — H]

and [B1R2-1P — H]

AND

[B1R1-1P- H] * 0.6 > [B1R2.1P — H]'

AND

E+F=Xand T+U=Y

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-3 PS(E:T/F:v)
AND

-MS/MS of [M - H] yields [B1R1-1R2-1P] and

[B1R1-1P- H] and [R2.1 + O]

AND

E+F=Xand T+U=Y

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-3 PSE:T_F:U)
AND

-MS/MS of [M - H] yields [B1R1-1R2-1P] and [R1-1 + O]

and [Ro.1 + O]

AND

E+F=XandT+U=Y

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-3 PS(x:v)

AND
+MS/MS of [M - H] yields [B1R1-1R2-1P]
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Table B.10 (Cont'd)

+MS or —MS lon Observed includes B1R1-2 R2-1PR3-3 PS(0-E:T/F:U)

AND

-MS/MS of [M - H] vyields [B1R1-1R2-1P] and

[B1R1-1P— H] and[R2.1 + O]

AND

E+F=Xand T+U=Y

+MS or —MS lon Observed includes B1R1-2 R2-1PR3-3 PS(0-x:Y)

AND

+MS/MS of [M - H] yields [B1R1-1R2-1P]

+MS or —MS lon Observed includes B1R1-3 R2-1PR3-3 PS(P-(X-F):(Y-

AND N . | UyFL)

+MS/MS of [M + H] vyields [B1R1-4 R2-1PR3-3 + O2C3Hg]

+MS or —MS lon Observed includes B1PR3.3D Will Include “PS”

AND (PS, O-PS, P-PS,
. LPS, O-LPS, P-

+MS/MS of [M + H] yields [PR3-3 + O2C3Hg] " LPS)
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Table B.11 Codes and Readout for the confirmation and acyl/alkyl/alkenyl chain
identification of PI lipids via MS/MS analysis. (Note: E, F and X = number of C
where E + F =X. T, U and Y = number of double bonds where T + U =Y).

If

Then (Readout)

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-4 PlE:T/IF:U)
AND AND
-MS/MS of [M - H] vyields [PR3-4 — 2H] and PI(F:U/E:T)
[B1R1-1PR3.4—H] and [B1R2-1PR3.4 — H]

AND

[B1R1-1PR3.4—H] * 0.6 <[B1R2.1PR3-4 — H]

AND

E+F=Xand T+U=Y

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-4 PIE:T/F:U)
AND

-MS/MS of [M - H] vyields [PR3-4 — 2H] and

[B1R1-1PR3.4—H] and [B1R2-1PR3.4 — H]

AND

[B1R1-1PR3-4—H] *0.6 > [B1R2-1PR3-4 — H]

AND

E+F=Xand T+U=Y

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-4 PIE: T/F:U)
AND

-MS/MS of [M - H] yields [PR3.4 — 2H] and

[B1R1-1PR3.4—H] and [Ro-1 + O]

AND

E+F=Xand T+U=Y

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-4 PIE:T_F:L)
AND

-MS/MS of [M - H] yields [PR3.4 — 2H] and [R1-1 + O] and

[R2.1+ O]

AND

E+F=Xand T+U=Y

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-4 Plx:v)

AND
+MS/MS of [M - H] yields [PR3.4 — 2H]
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Table B.11 (Cont'd)

+MS or —MS lon Observed includes B1R1-2 R2-1PR3-4
AND

-MS/MS of [M - H] vyields [PR3-4 — 2H] and
[B1R1-1PR34— H] and [R2.1 + O]

AND

E+F=Xand T+U=Y

Pl(O-E:T/F:U)

+MS or —MS lon Observed includes B1R1-2 R2-1PR3-4
AND

+MS/MS of [M - H] yields [PR3.4 — 2H]

Pl(o-x:Y)

+MS or —MS lon Observed includes B1PR3-4
AND

+MS/MS of [M + H]" yields [BR1R2 - O]

Will Include “PI”
(PI1, O-PI, P-PI,
LPI, O-LPI, P-LPI)
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Table B.12 Codes and Readout for the confirmation and acyl/alkyl/alkenyl chain
identification of PG lipids via MS/MS analysis. (Note: E, F and X = number of C
where E + F =X. T, U and Y = number of double bonds where T + U =Y).

If

Then (Readout)

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-5 PG(E:T/F:V)
AND AND
-MS/MS of [M - H] vyields [PR3-5 — 2H] and PG(F:UET)
[B1R1-1PR3.5 - H] and [B1R2-1PR3.5 — H]

AND

[B1R1-1PR3-5—H] * 0.6 < [B1R2-1PR3-5 — H]'

AND

E+F=Xand T+U=Y

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-5 PG(E:T/F:U)
AND

-MS/MS of [M - H] vyields [PR3.5 — 2H] and

[B1R1-1PR3.5— H] and [B1R2-1PR3.5 — H]

AND

[B1R1-1PR3.5—H] *0.6 > [B1R2.1PR3.5 — H]

AND

E+F=Xand T+U=Y

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-5 PG(E:T/F:U)
AND

-MS/MS of [M - H] yields [PR3.5 — 2H] and

[B1R1-1PR3.5—H] and [Ro-1 + O]

AND

E+F=Xand T+U=Y

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-5 PGE:T F:L)
AND

-MS/MS of [M - H] yields [PR3.5 — 2H] and [R1-1 + O] and

[R2.1+ O]

AND

E+F=Xand T+U=Y

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-4 PG(x:v)
AND

+MS/MS of [M - H] yields [PR3.5 — 2H]

+MS or —MS lon Observed includes B1PR3.5 Will Include “PG”
AND (PG, O-PG, P-PG,
+MS/MS of [M + H] yields [BR1R2 - O] '[Eg) O-LPG, P-
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Table B.13 Codes and Readout for the confirmation and acyl/alkyl/alkenyl chain
identification of PA lipids via MS/MS analysis. (Note: E, F and X = number of C
where E + F = X. T, U and Y = number of double bonds where T + U =Y).

If

Then (Readout)

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-6 PAE:T/F:v)
AND AND
-MS/MS of [M - H] vyields [B1R1-1P— H] and PAF:UE:T)
[B1R2-1P — H]

AND

[B1R1-1P-H] * 0.6 < [B1R2-1P — H]

AND

E+F=XandT+U=Y

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-6 PAE:T/F:U)
AND

-MS/MS of [M - H] vyields [B1R1-1P— H] and

[B1R2-1P — H]

AND

[B1R1-1P- H] * 0.6 > [B1R2.1P — H]'

AND

E+F=XandT+U=Y

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-6 PAE:T/IF:v)
AND

-MS/MS of [M - H] yields [B1R1-1P— H] and [R2.1 + O]

AND

E+F=XandT+U=Y

+MS or —MS lon Observed includes B1R1-1 R2-1PR3-3 PAE:T_F:U)

AND

-MS/MS of [M - H] vields [R1-1 + O] and [Ro.1 + O]
AND

E+F=XandT+U=Y

+MS or —MS lon Observed includes B1R1-2 R2-1PR3-6
AND

-MS/MS of [M - H] yields [B1R1-1P—- H] and [R2.1 + O]
AND

E+F=Xand T+U=Y

PA(O-E:T/IF:U)
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Table B.14 Codes and Readout for the confirmation and acyl chain identification
of TG lipids via MS/MS analysis. (Note: E, F and X = number of C where E + F =

X. T, Uand Y = number of double bonds where T + U =Y).

If Then (Readout)

+MS or —MS lon Observed includes B1R1-1 R2-1R3-7 | TGE:T F:U_G:V)

AND
+MS/MS of [M + NH4]" yields [BR2.1R3.7 - O] and

+ +
[BR1.1R3-7- O] and [BR1-1R2-1 - O]
E+F=Xand T+U=Y

Table B.15 Codes and Readout for the confirmation and acyl chain identification
of SM lipids via MS/MS analysis. (Note: E, F and X = number of C where E + F =

X. T, U and Y = number of double bonds where T + U =Y).

If

Then (Readout)

+MS or —MS lon Observed includes B2R1-2 R2-1PR3-1
AND

+MS/MS of [M + H]" yields [Ro-1 + N - H]"
E+F=XandT+U=Y

SM(dE: T/X-E:Y-T)

+MS or —MS lon Observed includes B2R1-2 R2.1PR3-1 SM(x:v)
AND

-MS/MS of [M + HCO3] yields [B2R1-2R2.1PR3.1 — CH3]

+MS or —MS lon Observed includes BoPR3-1 SM(x:v)

AND
+MS/MS of [M + H]" yields [PR3.1 + OH]"

Table B.16 Codes and Readout for the confirmation and acyl chain identification
of Cer lipids via MS/MS analysis. (Note: E, F and X = number of C where E + F =

X. T, U and Y = number of double bonds where T + U =Y).

If Then (Readout)

+MS or —MS lon Observed includes B2oR1-2 R2-1R3-6 | Cer(de: T/X-E:Y-T)

AND
+MS/MS of [M + H]" yields [Rp-1 + N - H]"
E+F=XandT+U=Y
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Figure C.1 Quantification of Lyso PE (LPE) lipids from the 13Cl-DMBNHS
derivatized SW480 and SW620 cell and exosome crude lipid extracts. (A)

This appendix contains figures and tables to support Chapter 4.
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O- and P- distribution of LPE species. * = p < 0.01.
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Figure C.2 Quantification of LPC lipids from the 13C1-DMBNHS derivatized
SW480 and SW620 cell and exosome crude lipid extracts. (A) Individual
normalized lipid sum composition abundances/ug protein and (B) acyl, O- and P-
distribution of LPC species. * = p < 0.01.
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Figure C.3 Quantification of Lyso PS (LPS) lipids from the 13Cl-DMBNHS
derivatized SW480 and SW620 cell and exosome crude lipid extracts. (A)
Individual normalized lipid sum composition abundances/ug protein and (B) acyl,
O- and P- distribution of LPS species. * = p < 0.01.
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Figure C.4 Quantification of PG lipids from the 13C1-DMBNHS derivatized
SW480 and SW620 cell and exosome crude lipid extracts. (A) Individual

normalized lipid sum composition abundances/ug protein and (B) acyl, O- and P-

distribution. * = p < 0.01.
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Figure C.5 Quantification of LPG lipids from the 13C1-DMBNHS derivatized
SW480 and SW620 cell and exosome crude lipid extracts. (A) Individual

normalized lipid sum composition abundances/ug protein and (B) acyl, O- and P-

distribution. * = p < 0.01.
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Figure C.7 Quantification of Hex-Cer from the 13C1-DMBNHS derivatized

SW480 and SW620 cell and exosome crude lipid extracts. Individual normalized

lipid sum composition abundances/ug protein. *

p <0.01.
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Figure C.8 Quantification of DG lipids from the 13C1-DMBNHS derivatized

SW480 and SW620 cell and exosome crude lipid extracts. (A) Individual
normalized lipid sum composition abundances/ug protein and (B) diacyl, O- and
s

P- distribution. * = p < 0.01.
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Figure C.9 Quantification of MG lipids from the 13C1-DMBNHS derivatized
206

SW480 and SW620 cell and exosome crude lipid extracts. (A) Individual
normalized lipid sum composition abundances/ug protein and (B) acyl, O- and P-

distribution. * = p < 0.01.
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Figure C.10 Quantification of individual Chol Ester lipids from the 13Cl-DMBNHS

derivatized SW480 and SW620 cell and exosome crude lipid extracts as

p <0.01.

normalized lipid sum composition abundances/ug protein. *
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Table C.1 PE sum compositions, their positive ionization mode m/z for MS
analysis and molecular lipids identified for SW480 cells, SW620 cells, SW480
exosomes and SW620 exosomes.

SW480 Cells | SW620 Cells | SW480 Exo | SW620 Exo
Sum Comp | (+) Mass Moll_?;ilélar Moll_eizgilélar Moll_eirgilélar Moll_eigitélar
m/z
PE(29:1) 779.5084 15:0/14:1
PE(30:0) 795.5397 16:0/14:0
PE(P-30:0) 937.4677 P-30:0
PE(30:1) 793.5241 14:0/16:1
PE(O-30:1) 779.5448 0-30:1
PE(P-30:1) 935.4520 P-12:0/18:1 P-12:0/18:1
PE(31:0) 809.5554 15:0/16:0 15:0/16:0 15:0/16:0 15:0/16:0
PE(O-31:0) 795.5761 0-16:0/15:0 0-16:0/15:0 0-16:0/15:0
0-18:0/13:0 0-18:0/13:0 0-18:0/13:0
PE(P-31:0) 951.4833 P-31:0 P-31:0 P-31:0 P-31:0
PE(31:1) 807.5397 311
PE(O-31:1) 793.5605 0-31:1
PE(P-31:1) 949.4677 P-31:1 P-31:1 P-31:1
PE(32:0) 823.5710 16:0/16:0 16:0/16:0 16:0/16:0 16:0/16:0
18:0/14:0 18:0/14:0 18:0/14:0 18:0/14:0
PE(0O-32:0) 809.5918 0-18:0/14:0 0-18:0/14:0 0-18:0/14:0
PE(P-32:0) 965.4990 P-16:0/16:0 P-16:0/16:0
PE(32:1) 821.5554 16:0/16:1 16:0/16:1 16:0/16:1 16:0/16:1
14:0/18:1 14:0/18:1 14:0/18:1 14:0/18:1
PE(O-32:1) 807.5761 0-16:0/16:1 0-16:0/16:1 0-16:0/16:1 0-16:0/16:1
PE(P-32:1) 963.4833 P-16:0/16:1 P-16:0/16:1 P-16:0/16:1 P-16:0/16:1
P-14:0/18:1 P-14:0/18:1
PE(32:2) 819.5397 16:1/16:1 16:1/16:1 16:1/16:1 16:1/16:1
14:0/18:2 14:1/18:1
PE(P-32:2) 961.4677 P-32:2 P-32:2 P-32:2
PE(0O-32:3) 803.5448 0-32:3 0-32:3 0-32:3 0-32:3
PE(33:0) 837.5867 18:0/15:0 18:0/15:0 18:0/15:0 18:0/15:0
17:0/16:0 17:0/16:0 17:0/16:0 17:0/16:0
PE(0O-33:0) 823.6074 0-18:0/15:0 0-18:0/15:0 0-18:0/15:0 0-18:0/15:0
0-16:0/17:0 0-16:0/17:0 0-16:0/17:0 0-16:0/17:0

208




Table C.1 (Contd)

PE(P-33:0) 979.5146 P-16:0/17:0 P-16:0/17:0 P-33:0
PE(33:1) 835.5710 17:0/16:1 15:0/18:1 15:0/18:1 15:0/18:1
17:1/16:0 17:1/16:0 17:0/16:1 17:1/16:0
15:0/18:1 17:0/16:1 17:1/16:0 17:0/16:1
15:1/18:0
PE(O-33:1) 821.5918 0-15:0/18:1 0-15:0/18:1 0-15:0/18:1 0-15:0/18:1
0-16:0/17:1 0-16:0/17:1 0-16:0/17:1 0-16:0/17:1
0-18:0/15:1 0-18:0/15:1
0-18:1/15:0
PE(P-33:1) 977.4990 P-16:0/17:1 P-16:0/17:1 P-16:0/17:1 P-16:0/17:1
P-17:0/16:1 P-17:0/16:1 P-17:0/16:1 P-17:0/16:1
P-15:0/18:1 P-15:0/18:1 P-15:0/18:1 P-15:0/18:1
PE(33:2) 833.5554 17:1/16:1 17:1/16:1 17:1/16:1 17:1/16:1
15:0/18:2
PE(O-33:2) 819.5761 0-16:1/17:1
PE(P-33:2) 975.4833 P-33:2 P-33:2 P-33:2 P-33:2
PE(34:0) 851.6023 18:0/16:0 18:0/16:0 18:0/16:0 18:0/16:0
PE(O-34:0) 837.6231 0-18:0/16:0 0-18:0/16:0 0-18:0/16:0 0-18:0/16:0
0-20:0/14:0
PE(34:1) 849.5867 18:0/16:1 18:0/16:1 16:0/18:1 16:0/18:1
16:0/18:1 16:0/18:1 18:0/16:1 18:0/16:1
20:1/14:0 20:1/14:0
PE(O-34:1) 835.6074 0-16:0/18:1 0-18:0/16:1 0-16:0/18:1 0-16:0/18:1
0-18:0/16:1 0-16:0/18:1 0-18:0/16:1 0-18:0/16:1
0-18:1/16:0 0-18:1/16:0 0-18:1/16:0
0-20:1/14:0
PE(P-34:1) 991.5146 P-16:0/18:1 P-16:0/18:1 P-16:0/18:1 P-16:0/18:1
P-18:0/16:1 P-18:0/16:1 P-18:0/16:1 P-18:0/16:1
P-18:1/16:0 P-18:1/16:0 P-18:1/16:0
PE(34:2) 847.5710 18:1/16:1 18:1/16:1 18:1/16:1 18:1/16:1
16:0/18:2 16:0/18:2 16:1/18:1 16:0/18:2
PE(0-34:2) 833.5918 0-16:0/18:2 0-16:1/18:1 0-16:1/18:1 0-16:1/18:1
0-18:1/16:1 0-18:1/16:1 0-18:1/16:1 0-18:1/16:1
0-16:1/18:1 0-16:0/18:2
PE(P-34:2) 989.4990 P-16:0/18:2 P-16:0/18:2 P-16:0/18:2 P-16:0/18:2
P-18:1/16:1 P-18:1/16:1 P-18:1/16:1 P-18:1/16:1
P-18:0/16:2 P-18:0/16:2 P-18:0/16:2 P-18:0/16:2
P-16:1/18:1 P-16:1/18:1 P-16:1/18:1 P-16:1/18:1
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Table C.1 (Contd)

PE(34:3) 845.5554 16:1/18:2 16:1/18:2 16:1/18:2 16:1/18:2
16:0/18:3 16:2/18:1
16:0/18:3
PE(O-34:3) 831.5761 0-16:0/18:3 0-18:2/16:1
0-18:2/16:1 0-16:1/18:2
0-16:2/18:1
0-16:1/18:2
PE(P-34:3) 987.4833 P-16:0/18:3 P-16:0/18:3 P-34:3 P-34:3
PE(P-34:4) 985.4677 P-16:0/18:4 P-16:0/18:4 P-16:0/18:4 P-16:0/18:4
PE(O-35:0) 851.6364 0-18:0/17:0 0-18:0/17:0
0-16:0/19:0
PE(35:1) 863.6023 18:0/17:1 18:0/17:1 18:0/17:1 17:0/18:1
17:0/18:1 17:0/18:1 18:1/17:0 18:0/17:1
20:1/15:0 20:1/15:0 15:0/20:1 15:0/20:1
PE(O-35:1) 849.6231 0-18:0/17:1 0-18:0/17:1 0-18:0/17:1 0-18:0/17:1
0-18:1/17:0 0-20:1/15:0 0-18:1/17:0 0-18:1/17:0
0-16:0/19:1 0-16:0/19:1 0-20:1/15:0
0-20:1/15:0 0-16:0/19:1
PE(P-35:1) 1005.5303 P-19:0/16:1 P-19:0/16:1 P-19:0/16:1 P-19:0/16:1
P-18:0/17:1 P-19:1/16:0 P-19:1/16:0 P-18:0/17:1
P-18:1/17:0 P-18:0/17:1 P-18:0/17:1 P-18:1/17:0
P-17:0/18:1 P-18:1/17:0 P-18:1/17:0 P-17:0/18:1
P-16:0/19:1 P-17:0/18:1 P-17:0/18:1 P-16:0/19:1
P-15:0/20:1 P-16:0/19:1 P-16:0/19:1 P-15:0/20:1
P-15:0/20:1 P-15:0/20:1
PE(35:2) 861.5867 18:1/17:1 17:1/18:1 17:1/18:1 17:1/18:1
17:0/18:2
15:0/20:2
PE(0O-35:2) 847.6074 0-18:1/17:1 0-17:1/18:1 0-17:1/18:1 0-17:1/18:1
0-17:0/18:2 0-18:1/17:1 0-18:1/17:1 0-18:1/17:1
0-16:0/19:2 0-16:0/19:2 0-16:0/19:2
PE(P-35:2) 1003.5146 P-19:1/16:1 P-19:1/16:1 P-19:1/16:1 P-19:1/16:1
P-18:0/17:2 P-18:0/17:2 P-18:0/17:2 P-18:0/17:2
P-18:1/17:1 P-18:1/17:1 P-18:1/17:1 P-18:1/17:1
P-17:0/18:2 P-17:0/18:2 P-17:0/18:2 P-17:0/18:2
P-17:1/18:1 P-17:1/18:1 P-17:1/18:1 P-17:1/18:1
P-16:0/19:2 P-16:0/19:2 P-16:0/19:2 P-16:0/19:2
P-15:0/20:2
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Table C.1 (Contd)

PE(35:3) 859.5710 17:1/18:2 17:2/18:1 35:3 17:1/18:2
17:1/18:2
PE(O-35:3) 845.5910 0-16:0/19:3 0-16:0/19:3
PE(P-35:3) 1001.4990 P-17:0/18:3 P-17:0/18:3 P-35:3 P-35:3
P-16:0/19:3 P-16:0/19:3
PE(P-35:4) 999.4833 P-17:0/18:4 P-17:0/18:4 P-17:0/18:4
P-16:0/19:4 P-16:0/19:4 P-16:0/19:4
P-15:0/20:4 P-15:0/20:4 P-15:0/20:4
PE(36:0) 879.6336 20:0/16:0 20:0/16:0 36:0 20:0/16:0
18:0/18:0 18:0/18:0 18:0/18:0
PE(O-36:0) 865.6544 0-18:0/18:0 0-18:0/18:0 0-18:0/18:0 0-18:0/18:0
0-20:0/16:0 0-20:0/16:0 0-20:0/16:0
PE(36:1) 877.6180 18:0/18:1 18:0/18:1 18:0/18:1 18:0/18:1
18:1/18:0 18:1/18:0 18:1/18:0 18:1/18:0
20:1/16:0 20:1/16:0 20:1/16:0 20:1/16:0
20:0/16:1 20:0/16:1 20:0/16:1 20:0/16:1
PE(O-36:1) 863.6387 0-18:0/18:1 0-18:0/18:1 0-18:0/18:1 0-18:0/18:1
0-20:0/16:1 0-20:0/16:1 0-16:0/20:1 0-20:1/16:0
0-20:1/16:0 0-20:1/16:0 0-20:0/16:1
0-16:0/20:1 0-16:0/20:1 0-16:0/20:1
PE(P-36:1) 1019.5459 P-18:0/18:1 P-18:0/18:1 P-18:0/18:1 P-18:0/18:1
P-16:0/20:1 P-16:0/20:1 P-16:0/20:1 P-18:1/18:0
P-18:1/18:0 P-18:1/18:0 P-18:1/18:0 P-16:0/20:1
PE(36:2) 875.6023 18:1/18:1 18:1/18:1 18:1/18:1 18:1/18:1
18:0/18:2 18:0/18:2 20:1/16:1 20:1/16:1
20:1/16:1 20:1/16:1 18:0/18:2 18:0/18:2
20:2/16:0 20:2/16:0 20:2/16:0 20:2/16:0
PE(0O-36:2) 861.6231 0-18:1/18:1 0-18:1/18:1 0-18:1/18:1 0-18:1/18:1
0-18:0/18:2 0-18:0/18:2 0-16:0/20:2 0-20:1/16:1
0-20:1/16:1 0-20:1/16:1 0-16:1/20:1 0-18:0/18:2
0-16:0/20:2 0-16:0/20:2 0-18:0/18:2 0-16:1/20:1
0-16:1/20:1 0-16:0/20:2
PE(P-36:2) 1017.5303 P-18:1/18:1 P-18:1/18:1 P-18:1/18:1 P-18:1/18:1
P-18:0/18:2 P-18:0/18:2 P-18:0/18:2 P-18:0/18:2
P-16:0/20:2 P-16:0/20:2 P-16:0/20:2 P-16:0/20:2
PE(36:3) 873.5867 18:1/18:2 18:1/18:2 18:1/18:2 18:1/18:2
18:0/18:3 18:0/18:3 16:0/20:3
16:0/20:3 16:0/20:3
16:1/20:2
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Table C.1 (Contd)

PE(O-36:3) 859.6074 0-16:0/20:3 0-18:2/18:1 0-18:2/18:1 0-18:2/18:1
0-18:1/18:2 0-18:1/18:2 0-18:1/18:2 0-18:1/18:2
0-18:0/18:3 0-16:0/20:3 0-16:0/20:3 0-16:0/20:3
0-18:2/18:1 0-18:0/18:3 0-16:1/20:2
0-16:1/20:2 0-16:1/20:2

PE(P-36:3) 1015.5146 P-18:0/18:3 P-18:0/18:3 P-18:0/18:3 P-18:0/18:3
P-18:1/18:2 P-18:1/18:2 P-18:1/18:2 P-18:1/18:2
P-16:0/20:3 P-18:2/18:1 P-18:2/18:1 P-18:2/18:1

P-16:0/20:3 P-16:0/20:3 P-16:0/20:3
PE(36:4) 871.5710 16:0/20:4 16:0/20:4 16:0/20:4 18:2/18:2
18:1/18:3 18:1/18:3 18:2/18:2 16:0/20:4
16:1/20:3 16:1/20:3
18:2/18:2 18:2/18:2

PE(O-36:4) 857.5918 0-16:0/20:4 0-16:0/20:4 0-16:0/20:4 0-16:0/20:4

0-16:1/20:3 0-16:1/20:3

PE(P-36:4) 1013.4990 P-16:0/20:4 P-16:0/20:4 P-16:0/20:4 P-16:0/20:4
P-18:0/18:4 P-18:0/18:4 P-18:0/18:4 P-18:0/18:4

PE(36:5) 869.5554 16:0/20:5 16:0/20:5 16:1/20:4 16:1/20:4
16:1/20:4 16:1/20:4
14:0/22:5

PE(O-36:5) 855.5761 0-16:0/20:5 0-16:1/20:4 0-16:1/20:4 0-16:0/20:5
0-16:1/20:4 0-16:0/20:5 0-16:0/20:5 0-16:1/20:4

PE(P-36:5) 1011.4833 P-18:1/18:4 P-16:0/20:5 P-18:1/18:4 P-18:1/18:4
P-16:0/20:5 P-16:0/20:5 P-16:0/20:5

PE(37:1) 891.6336 20:1/17:0 19:0/18:1 19:0/18:1 19:0/18:1
18:0/19:1 17:0/20:1 17:0/20:1 18:1/19:0
19:0/18:1 19:1/18:0
15:0/22:1

PE(O-37:1) 877.6544 0-19:0/18:1 0-19:0/18:1 0-19:0/18:1
0-20:0/17:1 0-18:0/19:1 0-18:0/19:1
0-18:0/19:1 0-20:0/17:1 0-20:0/17:1
0-20:1/17:0 0-20:1/17:0 0-20:1/17:0

PE(P-37:1) 1033.5616 P-19:0/18:1 P-19:0/18:1 P-19:0/18:1 P-19:0/18:1

P-17:0/20:1

PE(37:2) 889.6180 19:1/18:1 18:1/19:1 19:1/18:1 19:1/18:1
20:1/17:1 20:1/17:1 17:1/20:1 18:1/19:1
18:0/19:2 18:0/19:2 17:1/20:1
17:0/20:2
15:0/22:2

212




Table C.1 (Contd)

PE(O-37:2) 875.6387 0-20:1/17:1 0-20:1/17:1 0-16:0/21:2 0-20:1/17:1
0-18:0/19:2 0-18:0/19:2 0-18:0/19:2 0-18:1/19:1
0-18:1/19:1 0-18:1/19:1

0-20:1/17:1
PE(P-37:2) 1031.5459 P-19:0/18:2 P-19:0/18:2 P-19:0/18:2 P-19:0/18:2
P-19:1/18:1 P-19:1/18:1 P-19:1/18:1 P-19:1/18:1
P-18:0/19:2
P-18:1/19:1
P-17:0/20:2
PE(37:3) 887.6023 18:0/19:3 18:1/19:2 37:3

18:1/19:2 19:3/18:0

17:1/20:2 15:0/22:3

17:0/20:3 17:1/20:2

19:1/18:2 18:2/19:1

15:0/22:3

PE(O-37:3) 873.6231 0-18:0/19:3 0-18:1/19:2
0-16:0/21:3
0-18:1/19:2

PE(P-37:3) 1029.5303 P-19:1/18:2 P-19:1/18:2 P-18:1/19:2 P-18:1/19:2
P-17:0/20:3 P-17:0/20:3 P-17:0/20:3 P-17:0/20:3

PE(37:4) 885.5867 17:0/20:4 17:0/20:4 37:4
18:1/19:3 18:1/19:3
15:0/22:4 15:0/22:4

PE(O-37:4) 871.6074 0-17:0/20:4 0-17:0/20:4 0-37:4
0-16:0/21:4

PE(P-37:4) 1027.5146 P-18:0/19:4 P-17:0/20:4 P-18:0/19:4 P-17:0/20:4
P-17:0/20:4 P-17:0/20:4

PE(37:5) 883.5710 375

PE(O-37:5) 869.5918 0-17:0/20:5
0-16:0/21:5

PE(P-37:5) 1025.4990 P-18:1/19:4 P-17:0/20:5 P-18:1/19:4 P-17:0/20:5
P-17:0/20:5 P-17:0/20:5

P-17:1/20:4
PE(P-37:6) 1023.4833 P-37:6
PE(38:1) 905.6493 20:0/18:1 20:0/18:1 20:0/18:1 20:0/18:1
20:1/18:0 20:1/18:0 20:1_18:0 20:1/18:0
22:1/16:0 22:1 _16:0 22:1/16:0
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Table C.1 (Contd)

PE(0O-38:1) 891.6700 0-20:0/18:1 0-20:0/18:1 0-20:0/18:1 0-20:0/18:1
0-18:0/20:1 0-18:0/20:1 0-18:0/20:1 0-18:0/20:1
0-16:0/22:1 0-16:0/22:1
PE(P-38:1) 1047.5772 P-20:0/18:1 P-20:0/18:1 P-20:0/18:1 P-20:0/18:1
P-18:0/20:1 P-18:0/20:1 P-18:0/20:1
P-16:0/22:1 P-16:0/22:1
PE(38:2) 903.6336 20:1/18:1 20:1/18:1 20:1/18:1 20:1/18:1
18:0/20:2 22:1/16:0 18:0/20:2 18:0/20:2
20:0/18:2 20:0/18:2 16:0/22:2 16:0/22:2
22:1/16:0 18:0/20:2
PE(O-38:2) 889.6544 0-20:1/18:1 0-20:1/18:1 0-18:0/20:2 0-20:1/18:1
0-20:0/18:2 0-20:0/18:2 0-16:0/22:2 0-18:0/20:2
0-18:0/20:2 0-18:0/20:2 0-16:1/22:1 0-18:1/20:1
0-16:0/22:2
PE(P-38:2) 1045.5616 P-20:1/18:1 P-20:1/18:1 P-20:1/18:1 P-20:0/18:2
P-18:1/20:1 P-18:0/20:2 P-18:0/20:2 P-20:1/18:1
P-18:1/20:1 P-18:1/20:1 P-18:0/20:2
P-16:0/22:2 P-18:1/20:1
P-16:0/22:2
PE(38:3) 901.6180 18:0/20:3 18:0/20:3 20:2/18:1 20:2/18:1
20:2/18:1 20:2/18:1 18:0/20:3 20:1/18:2
20:1/18:2 20:1/18:2 18:0/20:3
PE(0O-38:3) 887.6387 0-18:0/20:3 0-18:0/20:3 0-18:0/20:3 0-18:0/20:3
0-20:1/18:2 0-20:1/18:2 0-18:2/20:1 0-20:2/18:1
0-16:1/22:2 0-20:2/18:1 0-20:1/18:2
0-20:0/18:3 0-18:1/20:2 0-18:2/20:1
0-16:0/22:3 0-18:1/20:2
0-16:1/22:2
PE(P-38:3) 1043.5459 P-18:0/20:3 P-18:0/20:3 P-18:0/20:3 P-18:0/20:3
P-18:1/20:2 P-18:1/20:2 P-18:1/20:2
P-16:0/22:3 P-16:0/22:3
PE(38:4) 899.6023 18:0/20:4 18:0/20:4 18:1/20:3 18:1/20:3
18:1/20:3 18:1/20:3 18:0/20:4 18:0/20:4
16:0/22:4 16:0/22:4
PE(O-38:4) 885.6231 0-18:0/20:4 0-18:0/20:4 0-18:0/20:4 0-18:0/20:4
0-16:0/22:4 0-16:0/22:4 0-18:1/20:3 0-18:1/20:3
0-18:1/20:3 0-18:1/20:3 0-16:0/22:4 0-16:0/22:4
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PE(P-38:4) 1041.5303 P-18:0/20:4 P-18:0/20:4 P-18:0/20:4 P-18:0/20:4
P-18:1/20:3 P-16:0/22:4 P-18:1/20:3 P-18:1/20:3
P-16:0/22:4 P-18:1/20:3 P-16:0/22:4
PE(38:5) 897.5867 18:1/20:4 18:1/20:4 18:1/20:4 18:1/20:4
18:0/20:5 18:0/20:5 18:0/20:5 18:0/20:5
16:0/22:5 16:0/22:5 16:0/22:5
18:2/20:3
PE(O-38:5) 883.6074 0-16:0/22:5 0-16:0/22:5 0-16:0/22:5 0-16:0/22:5
0-18:0/20:5 0-18:1/20:4 0-18:0/20:5 0-18:0/20:5
0-18:1/20:4 0-18:0/20:5 0-18:1/20:4 0-18:1/20:4
PE(P-38:5) 1039.5146 P-16:0/22:5 P-16:0/22:5 P-18:1/20:4 P-18:1/20:4
P-18:0/20:5 P-18:0/20:5 P-16:0/22:5 P-16:0/22:5
P-18:1/20:4 P-18:1/20:4 P-18:0/20:5 P-18:0/20:5
PE(38:6) 895.5710 18:1/20:5 18:1/20:5 16:0/22:6 16:0/22:6
16:0/22:6 16:0/22:6 16:1/22:5
18:2/20:4 18:2/20:4
16:1/22:5
PE(O-38:6) 881.5918 0-16:0/22:6 0-16:0/22:6 0-16:0/22:6 0-16:0/22:6
0-18:1/20:5 0-16:1/22:5 0-16:1/22:5 0-16:1/22:5
0-16:1/22:5 0-18:1/20:5 0-18:1/20:5
0-18:2/20:4
PE(P-38:6) 1037.4990 P-18:1/20:5 P-18:1/20:5 P-18:1/20:5 P-16:0/22:6
P-16:0/22:6 P-16:0/22:6 P-16:0/22:6
PE(P-38:7) 1035.4833 P-38:7 P-38:7
PE(39:1) 919.6649 21:0/18:1 19:0/20:1 39:1
18:0/21:1
PE(0O-39:1) 905.6857 0-39:1
PE(P-39:1) 1061.5929 P-19:0/20:1
P-17:0/22:1
PE(39:2) 917.6493 21:1/18:1 21:1/18:1 20:1/19:1 19:1/20:1
20:1/19:1 18:1/21:1 17:1/22:1 17:1/22:1
22:1/17:1 18:0/21:2
17:0/22:2
18:0/21:2
20:0/19:2
PE(0-39:2) 903.6700 0-20:1/19:1
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PE(P-39:2) 1059.5772 P-19:0/20:2 P-17:0/22:2
P-19:1/20:1
P-17:0/22:2
PE(39:3) 915.6336 18:0/21:3 39:3
18:1/21:2
PE(P-39:3) 1057.5616 P-19:0/20:3 P-39:3
PE(39:4) 913.6180 18:1/21:3 18:1/21:3
18:0/21:4 18:0/21:4
PE(P-39:4) 1055.5459 P-39:4 P-39:4 P-39:4 P-39:4
PE(39:5) 911.6023 18:0/21:5 20:4/19:1
PE(O-39:5) 897.6231 0-17:0/22:5 0-39:5
0-18:0/21:5
PE(P-39:5) 1053.5303 P-19:0/20:5 P-19:0/20:5 P-19:0/20:5 P-19:1/20:4
P-19:1/20:4 P-19:1/20:4 P-19:1/20:4 P-17:0/22:5
P-17:0/22:5 P-17:0/22:5 P-17:0/22:5
PE(39:6) 909.5867 39:6
PE(0O-39:6) 895.6074 0-17:0/22:6 0-39:6
0-17:1/22:5
PE(P-39:6) 1051.5146 P-17:0/22:6 P-19:1/20:5 P-17:0/22:6 P-17:0/22:6
P-17:0/22:6
PE(40:1) 933.6806 22:0/18:1 22:0/18:1 40:1
18:0/22:1 18:1/22:0
18:0/22:1
PE(O-40:1) 919.7013 0-18:0/22:1 0-18:0/22:1 0-18:0/22:1 0-18:0/22:1
PE(P-40:1) 1075.6085 P-40:1 P-18:0/22:1 P-40:1
PE(40:2) 931.6649 22:1/18:1 22:1/18:1 22:1/18:1 22:1/18:1
20:1/20:1 20:1/20:1 20:1/20:1 20:1/20:1
PE(0-40:2) 917.6857 0-18:0/22:2 0-18:0/22:2 0-18:0/22:2
PE(P-40:2) 1073.5929 P-40:2 P-18:0/22:2 P-18:0/22:2 P-18:0/22:2
P-18:1/22:1 P-18:1/22:1
PE(40:3) 929.6493 18:0/22:3 18:0/22:3 18:1/22:2
20:0/20:3 20:1/20:2
20:1/20:2 20:0/20:3
18:1/22:2
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PE(O-40:3) 915.6700 0-20:0/20:3 0-18:1/22:2 0-18:1/22:2
0-18:0/22:3 0-18:0/22:3 0-20:0/20:3
0-20:1/20:2
0-18:1/22:2

PE(P-40:3) 1071.5772 P-20:0/20:3 P-20:0/20:3 P-40:3
P-20:1/20:2 P-20:1/20:2

PE(40:4) 927.6336 18:0/22:4 18:0/22:4 20:1/20:3 20:1/20:3
20:1/20:3 20:1/20:3
20:0/20:4 20:0/20:4
18:1/22:3 18:1/22:3
PE(O-40:4) 913.6544 0-20:0/20:4 0-18:0/22:4 0-18:0/22:4
0-18:0/22:4 0-20:0/20:4
0-20:1/20:3

PE(P-40:4) 1069.5616 P-40:4 P-20:0/20:4 P-40:4 P-40:4
P-18:0/22:4

PE(40:5) 925.6180 18:0/22:5 20:1/20:4 18:0/22:5 20:1/20:4
20:1/20:4 18:0/22:5 18:0/22:5
18:1/22:4 18:1/22:4
20:0/20:5 20:0/20:5

PE(O-40:5) 911.6387 0-18:0/22:5 0-18:0/22:5 0-18:0/22:5 0-18:0/22:5

0-20:1/20:4 0-20:1/20:4 0-20:1/20:4
0-20:0/20:5 0-20:0/20:5 0-18:1/22:4
0-18:1/22:4 0-18:1/22:4
0-16:0/24:5 0-16:0/24:5

PE(P-40:5) 1067.5459 P-18:0/22:5 P-18:0/22:5 P-18:0/22:5 P-18:0/22:5
P-18:1/22:4 P-18:1/22:4

PE(40:6) 923.6023 18:1/22:5 18:1/22:5 18:1/22:5 18:1/22:5
18:0/22:6 18:0/22:6 18:0/22:6
20:1/20:4 20:1/20:4

20:0/20:5

PE(O-40:6) 909.6231 0-18:0/22:6 0-18:0/22:6 0-18:0/22:6 0-18:0/22:6

0-18:1/22:5 0-18:1/22:5 0-18:1/22:5 0-18:1/22:5

PE(P-40:6) 1065.5303 P-18:0/22:6 P-18:0/22:6 P-20:5/18:1 P-20:5/18:1

P-18:1/22:5 P-18:1/22:5 P-18:0/22:6 P-18:0/22:6
P-18:1/22:5 P-18:1/22:5

PE(40:7) 921.5867 18:1/22:6 18:1/22:6 18:1/22:6

PE(O-40:7) 907.6074 0-18:1/22:6 0-18:1/22:6 0-18:1/22:6 0-18:1/22:6
0-18:2/22:5

PE(P-40:7) 1063.5146 P-18:1/22:6 P-18:1/22:6 P-18:1/22:6 P-18:1/22:6
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PE(41:2) 945.6806 41:2
PE(P-41:6) 1079.5459 P-41:6 P-19:0/22:6
P-19:1/22:5
PE(42:1) 961.7119 24:0/18:1 24:0/18:1 24:0/18:1
24:1/18:0
PE(P-42:1) 1103.6398 P-24:0/18:1
PE(42:2) 959.6962 20:1/22:1 20:1/22:1 20:1/22:1
18:1/24:1 18:1/24:1 18:1/24:1
PE(P-42:2) 1101.6242 P-42:2 P-42:2
PE(42:3) 957.6806 42:3
PE(42:4) 955.6649 20:0/22:4 20:0/22:4
22:0/20:4 22:0/20:4
PE(42:5) 953.6493 20:1/22:4 20:1/22:4
20:0/22:5 22:1/20:4
22:1/20:4 20:0/22:5
PE(42:6) 951.6336 22:1/20:5 20:0/22:6 20:1/22:5 20:1/22:5
20:0/22:6 20:1/22:5
PE(P-42:6) 1093.5616 P-42:6
PE(44:2) 987.7275 20:1/24:1
18:1/26:1
PE(44:4) 983.6962 24:0/20:4 24:0/20:4
PE(44:5) 981.6806 24:1/20:4 24:1/20:4
24:0/20:5 24:0/20:5

Table C.2 LPE sum compositions, their positive ionization mode m/z for MS
analysis and molecular lipids identified for SW480 cells, SW620 cells, SW480

exosomes and SW620 exosomes.

SW480 Cells SW620 Cells SW480 Exo | SW620 Exo
Sum Comp | (+) Mass MoLI?F::iLélar MoLIiepcil(Janr MoLI?F::iglar MoLI:aF::il(Janr
m/z

PE(16:0) 585.3414 16:0 16:0 16:0 16:0
PE(O-16:0) 571.3621 0-16:0 0-16:0 0-16:0 0-16:0
PE(P-16:0) 727.2693 P-16:0 P-16:0 P-16:0 P-16:0

PE(16:1) 583.3257 16:1 16:1 16:1 16:1
PE(O-16:1) | 569.3465 0-16:1

PE(17:0) 599.3570 17:0 17:0 17:0
PE(O-17:0) | 585.3778 0-17:0 0-17:0
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PE(P-17:0) 741.2850 P-17:0 P-17:0 P-17:0 P-17:0
PE(17:1) 597.3414 171 17:1 17:1 17:1
PE(18:0) 613.3727 18:0 18:0 18:0 18:0

PE(O-18:0) 599.3934 0-18:0 0-18:0 0-18:0 0-18:0

PE(P-18:0) 755.3006 P-18:0 P-18:0 P-18:0 P-18:0
PE(18:1) 611.3570 18:1 18:1 18:1 18:1

PE(O-18:1) 597.3778 0O-18:1 0O-18:1 0O-18:1 0-18:1

PE(P-18:1) 753.2850 P-18:1 P-18:1 P-18:1 P-18:1
PE(18:2) 609.3414 18:2 18:2 18:2 18:2
PE(19:1) 625.3727 19:1 19:1
PE(19:2) 623.3570 19:2
PE(20:1) 639.3883 20:1 20:1 20:1 20:1

PE(O-20:1) 625.4091 0-20:1 0-20:1
PE(20:2) 637.3727 20:2 20:2 20:2
PE(20:3) 635.3570 20:3 20:3 20:3 20:3
PE(20:4) 633.3414 20:4 20:4 20:4 20:4
PE(20:5) 631.3257 20:5 20:5 20:5 20:5
PE(22:1) 667.4196 22:1 22:1
PE(22:2) 665.4040 22:2
PE(22:4) 661.3727 22:4 22:4
PE(22:5) 659.3570 22:5 225 22:5 22:5
PE(22:6) 657.3414 22:6 22:6 22:6 22:6

Table C.3 PC sum compositions, their positive ionization mode m/z for MS
analysis and molecular lipids identified for SW480 cells, SW620 cells, SW480

exosomes and SW620 exosomes.

SW480 Cells | SW620 Cells | SW480 Exo | SW620 Exo
Sum Comp | (+)Mass MoLI?F::iLcjjlar MoLI?F::il(lear MoLIﬁ;:il(lear MoLI?pcil(Janr
m/z
PC(0-28:0) 664.5275 0-28:0 0-28:0
PC(29:0) 692.5224 15:0/14:0 15:0/14:0 15:0/14:0 15:0/14:0
13:0/16:0
PCO0-29:0) 678.5432 0-15:0/14:0 0-15:0/14:0 0-15:0/14:0 0-15:0/14:0
0-16:0/13:0 0-16:0/13:0 0-16:0/13:0
PC(29:1) 690.5068 15:0/14:1 15:0/14:1 29:1 15:0/14:1
PC(30:0) 706.5381 14:0/16:0 14:0/16:0 16:0/14:0 14:0/16:0
16:0/14:0 16:0/14:0
PC(0-30:0) 692.5588 0-16:0/14:0 0-16:0/14:0 0-16:0/14:0 0-16:0/14:0
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PC(P-30:0) 848.4660 P-30:0 P-30:0 P-30:0 P-30:0
PC(30:1) 704.5224 14:0/16:1 14:0/16:1 14:0/16:1 14:0/16:1
PC(0-30:1) 690.5432 0-16:0/16:1 0-16:0/16:1 0-30:1 0-16:0/16:1
PC(31:0) 720.5537 16:0/15:0 16:0/15:0 16:0/15:0 16:0/15:0

14:0/17:0 14:0/17:0 14:0/17:0 14:0/17:0
PC(0-31:0) 706.5745 0-16:0/15:0 0-16:0/15:0 0-16:0/15:0 0-16:0/15:0
0-14:0/17:0
PC(P-31:0) 862.4817 P-16:0/15:0 P-16:0/15:0 P-31:0 P-31:0
PC(31:1) 718.5381 15:0/16:1 16:0/15:1 14:0/17:1 14:0/17:1
14:0/17:1 14:0/17:1
16:0/15:1
PC(0O-31:1) 704.5588 0-31:1 0-31:1 0-31:1 0-31:1
PC(P-31:1) 860.4660 P-31:1 P-31:1 P-31:1 P-31:1
PC(32:0) 734.5694 16:0/16:0 16:0/16:0 16:0/16:0 16:0/16:0
18:0/14:0 18:0/14:0 18:0/14:0 18:0/14:0
PC(0-32:0) 720.5901 0-16:0/16:0 0-16:0/16:0 0-16:0/16:0 0-16:0/16:0
0-18:0/14:0 0-18:0/14:0
PC(P-32:0) 876.4973 P-16:0/16:0 P-16:0/16:0 P-16:0/16:0 P-16:0/16:0
PC(32:1) 732.5537 16:0/16:1 16:0/16:1 14:0/18:1 16:0/16:1
14:0/18:1 14:0/18:1 16:0/16:1 14:0/18:1
PC(0-32:1) 718.5745 0-16:0/16:1 0-16:0/16:1 0-16:0/16:1 0-16:0/16:1
PC(P-32:1) 874.4817 P-16:0/16:1 P-16:0/16:1 P-16:0/16:1 P-16:0/16:1
PC(32:2) 730.5381 16:1/16:1 16:1/16:1 16:1/16:1 16:1/16:1
PC(0-32:2) 716.5588 0-16:1/16:1 0-16:0/16:2 0-16:1/16:1 0-16:1/16:1
0-16:0/16:2
PC(32:3) 728.5224 32:3
PC(33:0) 748.5850 16:0/17:0 16:0/17:0 15:0/18:0 15:0/18:0
15:0/18:0 15:0/18:0 16:0/17:0 16:0/17:0
PC(0-33:0) 734.6058 0-16:0/17:0 0-16:0/17:0 0-16:0/17:0 0-16:0/17:0
0-18:0/15:0 0-18:0/15:0 0-18:0/15:0 0-18:0/15:0
PC(P-33:0) 890.5130 P-33:0 P-33:0 P-33:0 P-33:0
PC(33:1) 746.5694 16:0/17:1 16:0/17:1 15:0/18:1 17:1/16:0
17:0/16:1 17:0/16:1 17:0/16:1 15:0/18:1
15:0/18:1 15:0/18:1 16:0/17:1 17:0/16:1
PC(0-33:1) 732.5901 0-16:0/17:1 0-16:0/17:1 0-16:0/17:1 0-16:0/17:1
0-16:1/17:0 0-16:1/17:0
PC(P-33:1) 888.4973 P-15:0/18:1 P-15:0/18:1 P-33:1 P-33:1
PC(0-33:2) 730.5745 0-33:2 0-33:2 0-33:2
PC(P-33:2) 886.4817 P-33:2 P-33:2 P-33:2 P-33:2
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PC(34:0) 762.6007 16:0/18:0 16:0/18:0 18:0/16:0 16:0/18:0
PC(0-34:0) 748.6214 0-18:0/16:0 0-18:0/16:0 0-18:0/16:0 0-18:0/16:0
0-16:0/18:0 0-16:0/18:0
PC(34:1) 760.5850 16:0/18:1 16:0/18:1 16:0/18:1 16:0/18:1
18:0/16:1 18:0/16:1 18:0/16:1
PC(0-34:1) 746.6058 0-16:0/18:1 0-16:0/18:1 0-16:0/18:1 0-16:0/18:1
0-18:1/16:0 0-18:1/16:0 0-18:1/16:0 0-18:1/16:0
0-18:0/16:1 0-18:0/16:1 0-18:0/16:1 0-18:0/16:1
PC(P-34:1) 902.5130 P-16:0/18:1 P-16:0/18:1 P-16:0/18:1 P-16:0/18:1
P-18:0/16:1
PC(34:2) 758.569392 16:1/18:1 16:1/18:1 16:1/18:1 16:1/18:1
18:1/16:1 18:1/16:1 18:1/16:1 18:1/16:1
16:0/18:2 16:0/18:2
PC(0O-34:2) 744.590127 0-16:0/18:2 0-16:0/18:2 0-16:0/18:2 0-16:0/18:2
0-18:1/16:1 0-18:1/16:1
0-16:1/18:1
PC(P-34:2) | 900.497339 P-16:0/18:2 P-16:0/18:2 P-34:2 P-34:2
P-18:1/16:1 P-18:1/16:1
PC(34:3) 756.553743 16:0/18:3 16:1/18:2 34:3 16:1/18:2
16:1/18:2 16:0/18:3
PC(0-34:3) | 742.574478 0-34:3 0-34:3 0-34:3 0-34:3
PC(0-34:4) | 740.558829 0-34:4 0-34:4 0-34:4 0-34:4
PC(35:0) 776.61634 18:0/17:0 18:0/17:0
16:0/19:0 16:0/19:0
PC(0-35:0) | 762.637075 0-18:0/17:0 0-18:0/17:0 0-18:0/17:0 0-18:0/17:0
0-16:0/19:0
PC(P-35:0) | 918.544286 P-35:0
PC(35:1) 774.60069 17:0/18:1 18:1/17:0 17:0/18:1 17:0/18:1
18:0/17:1 17:0/18:1 15:0/20:1 15:0/20:1
16:0/19:1 18:0/17:1
15:0/20:1 16:0/19:1
15:0/20:1
PC(0O-35:1) | 760.621426 0-18:0/17:1 0-18:0/17:1 0-18:0/17:1 0-18:0/17:1
PC(P-35:1) 916.528637 P-15:0/20:1 P-15:0/20:1 P-17:0/18:1 P-17:0/18:1
P-17:0/18:1 P-17:0/18:1
P-18:0/17:1
PC(35:2) 772.585041 18:1/17:1 18:1/17:1 18:1/17:1 18:1/17:1
16:0/19:2 16:0/19:2

221




Table C.3 (Contd)

PC(0-35:2) 758.605776 0-18:0/17:1 0-18:0/17:1 0-18:0/17:1 0-35:2
PC(P-35:2) 914.512988 P-35:2 P-35:2 P-35:2
PC(35:3) 770.569392 35:3 35:3 35:3
PC(0-35:3) | 756.590127 0-35:3 0-35:3
PC(P-35:3) | 912.497339 P-35:3 P-35:3
PC(35:4) 768.553743 35:4 35:4 35:4
PC(P-35:4) 910.48169 P-16:0/19:4
PC(36:1) 788.61634 18:0/18:1 18:0/18:1 18:0/18:1 18:0/18:1
16:0/20:1 16:0/20:1 20:1/16:0 20:1/16:0
16:1/20:0
PC(0-36:1) | 774.637075 0-18:0/18:1 0-18:0/18:1 0-18:0/18:1 0-18:0/18:1
0-16:0/20:1 0-16:0/20:1 0-16:0/20:1 0-16:0/20:1
0-18:1/18:0
PC(P-36:1) 930.544286 P-18:0/18:1 P-18:0/18:1
P-16:0/20:1 P-16:0/20:1
PC(36:2) 786.60069 18:1/18:1 18:1/18:1 18:1/18:1 18:1/18:1
18:0/18:2 20:1/16:1
20:1/16:1 18:0/18:2
PC(0-36:2) | 772.621426 0-18:1/18:1 0-18:1/18:1 0-18:1/18:1 0-18:1/18:1
0-18:0/18:2 0-18:0/18:2
0-16:0/20:2 0-16:0/20:2
PC(P-36:2) | 928.528637 P-18:1/18:1 P-18:1/18:1 P-18:1/18:1 P-18:1/18:1
P-18:0/18:2 P-18:0/18:2 P-18:0/18:2
PC(36:3) 784.585041 18:1/18:2 18:1/18:2 18:1/18:2 18:1/18:2
18:2/18:1 16:0/20:3
16:0/20:3
PC(0-36:3) | 770.605776 0-16:0/20:3 0-16:0/20:3 0-36:3 0-36:3
0-18:1/18:2 0-18:1/18:2
PC(P-36:3) | 926.512988 P-20:2/16:0 P-16:0/20:3
P-18:2/18:1
P-16:0/20:3
PC(36:4) 782.569392 16:0/20:4 16:0/20:4 16:0/20:4 16:0/20:4
16:1/20:3 16:1/20:3 16:1/20:3 18:2/18:2
18:3/18:1 18:3/18:1 18:2/18:2
18:2/18:2 18:2/18:2
PC(0-36:4) | 768.590127 0-16:0/20:4 0-16:0/20:4 0-16:0/20:4 0-16:0/20:4
PC(P-36:4) 924.497339 P-17:0/19:4 P-17:0/19:4 P-17:0/19:4 P-17:0/19:4
P-16:0/20:4 P-16:0/20:4 P-15:0/21:4
P-18:3/18:1 P-18:3/18:1
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PC(36:5) 780.553743 16:0/20:5 16:0/20:5 16:1/20:4
16:1/20:4 16:1/20:4
PC(0-36:5) | 766.574478 0-16:0/20:5 0-16:0/20:5
PC(P-36:5) 922.48169 P-17:1/19:4 P-17:1/19:4 P-17:1/19:4
P-17:0/19:5 P-17:0/19:5
PC(36:6) 778.538094 16:1/20:5 16:1/20:5 36:6 36:6
PC(37:1) 802.631989 17:0/20:1 17:0/20:1 17:0/20:1 17:0/20:1
19:0/18:1 19:0/18:1 18:1/19:0 18:1/19:0
18:0/19:1 18:0/19:1 18:0/19:1
15:0/22:1
PC(0-37:1) 788.652724 0-37:1 0-37:1 0-37:1 0-37:1
PC(P-37:1) 944.559936 P-37:1 P-37:1
PC(37:2) 800.61634 19:1/18:1 19:1/18:1 19:1/18:1 19:1/18:1
PC(0-37:2) 786.637075 0-37:2 0-37:2 0-37:2 0-37:2
PC(37:3) 798.60069 37:3
PC(0-37:3) | 784.621426 0-37:3
PC(37:4) 796.585041 37:4 37:4
PC(0-37:4) | 782.605776 0-37:4
PC(P-37:4) | 938.512988 P-37:4 P-37:4
PC(P-37:5) | 936.497339 P-37:5 P-37:5
PC(38:1) 816.647638 16:0/22:1 16:0/22:1 16:0/22:1 38:1
20:0/18:1 20:0/18:1 20:0/18:1
18:0/20:1 18:0/20:1 18:0/20:1
PC(0-38:1) | 802.668373 0-38:1 0-16:0/22:1 0-16:0/22:1 0-16:0/22:1
PC(P-38:1) | 958.575585 P-18:0/20:1 P-38:1
P-20:0/18:1
PC(38:2) 814.631989 20:1/18:1 20:1/18:1 20:1/18:1 20:1/18:1
16:0/22:2
PC(0-38:2) | 800.652724 0-16:0/22:2 0-16:0/22:2 0-16:0/22:2 0-16:0/22:2
PC(P-38:2) | 956.559936 P-18:1/20:1 P-18:1/20:1 P-18:1/20:1
P-20:1/18:1
PC(38:3) 812.61634 18:0/20:3 18:0/20:3 18:0/20:3 20:2/18:1
18:1/20:2 20:2/18:1 20:2/18:1
20:2/18:1 20:1/18:2 20:1/18:2
20:1/18:2
PC(0-38:3) | 798.637075 0-18:0/20:3 0-18:0/20:3
PC(P-38:3) | 954.544286 P-18:0/20:3 P-18:0/20:3
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PC(38:4) 810.60069 18:1/20:3 18:1/20:3 18:1/20:3 18:1/20:3
18:0/20:4 18:0/20:4
PC(0O-38:4) | 796.621426 0-18:0/20:4 0-18:0/20:4 0-38:4 0-38:4
0-18:1/20:3 0-18:1/20:3
PC(P-38:4) 952.528637 P-18:0/20:4 P-18:0/20:4
PC(38:5) 808.585041 16:0/22:5 16:0/22:5 18:1/20:4
18:1/20:4 18:1/20:4
18:0/20:5
PC(0O-38:5) | 794.605776 0-18:1/20:4 0-18:1/20:4 0-38:5 0-38:5
0-18:0/20:5
PC(P-38:5) | 950.512988 P-38:5 P-38:5
PC(38:6) 806.569392 16:0/22:6 16:0/22:6 38:6
16:1/22:5
PC(0-38:6) | 792.590127 0-38:6 0-38:6
PC(P-38:6) | 948.497339 P-16:0/22:6 P-16:0/22:6
PC(39:1) 830.663287 39:1 39:1
PC(39:2) 828.647638 39:2 39:2
PC(P-39:5) | 964.528637 P-39:5
PC(39:6) 820.585041 39:6 39:6
PC(40:0) 846.694586 18:0_22:0 40:0
PC(0-40:0) | 832.715321 0-40:0 0-40:0 0-40:0 0-40:0
PC(40:1) 844.678936 18:0_22:1 18:0_22:1 18:0_22:1 18:0_22:1
24:1_16:0 24:1_16:0
PC(0-40:1) | 830.699672 0-40:1 0-40:1 0-40:1 0-40:1
PC(40:2) 842.663287 40:2 20:1/20:1 20:1/20:1 20:1/20:1
PC(40:3) 840.647638 18:1 22:2 18:1 22:2
PC(40:4) 838.631989 20:1/20:3 20:1/20:3
18:0/22:4 18:0/22:4
PC(0-40:4) | 824.652724
PC(0-40:5) | 822.637075 0-40:5 0-40:5
PC(40:6) 834.60069 18:1 22:5 18:1 22:5 18:1 22:5 18:1 225
18:0 _22:6 18:0 _22:6
20:1 20:5
PC(0-40:6) | 820.621426 0-40:6 0-40:6
PC(P-40:6) | 976.528637 P-40:6 P-40:6
PC(40:7) 832.585041 18:1 22:6 18:1 22:6 40:7
PC(0-40:7) | 818.605776 0-40:7
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PC(42:1) 872.710235 24:0_18:1 24:0_18:1 24:0_18:1 24:0_18:1
24:1_18:0 26:1_16:0 26:1_16:0
PC(42:2) 870.694586 42:2 24:1_18:1 24:1_18:1 24:1_18:1
PC(42:7) 860.61634 42:7 42:7
PC(P-43:3) 1024.62253 P-43:3 P-43:3
PC(44:1) 900.741533 18:1_26:0 18:1_26:0 18:0_26:1
PC(44:2) 898.725884 18:1_26:1 18:1_26:1
PC(0-44:4) 880.715321 0-44:4 0-44:4

Table C.4 LPC sum compositions, their positive ionization mode m/z for MS
analysis and molecular lipids identified for SW480 cells, SW620 cells, SW480

exosomes and SW620 exosomes.

SW480 Cells | SW620 Cells | SW480 Exo | SW620 Exo
Sum Comp | (+)Mass MoLIﬁ;:ilélar MoLIﬁ;:il(lear Mol_lﬁ)cilélar MoLI?F::il(lear
m/z

LPC(14:0) 468.3084 14:0

LPC(16:0) 496.3397 16:0 16:0 16:0 16:0
LPC(0O-16:0) 482.3605 0-16:0 0-16:0 0-16:0 0-16:0
LPC(P-16:0) 638.2677 P-16:0 P-16:0 P-16:0

PC(16:1) 494.3241 16:1 16:1

LPC(17:0) 510.3554 17:0

LPC(17:1) 508.3397 17:1 17:1 17:1

LPC(18:0) 524.3710 18:0 18:0 18:0 18:0
LPC(0-18:0) 510.3918 0-18:0 0-18:0 0-18:0 0-18:0

LPC(18:1) 522.3554 18:1 18:1 18:1 18:1
LPC(0-18:1) 508.3761 0-18:1 0O-18:1 0O-18:1 0-18:1

LPC(18:2) 520.3397 18:2 18:2

LPC(19:1) 536.3710 19:1 19:1

LPC(20:1) 550.3867 20:1 20:1 20:1
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Table C.5 PS sum compositions, their positive ionization mode m/z for MS
analysis and molecular lipids identified for SW480 cells, SW620 cells, SW480

exosomes and SW620 exosomes.

SW480 Cells | SW620 Cells SW480 Exo | SW620 Exo
Sum Comp | (+) Mass Mol_lies:ilcjllar MoLI?;ilcjllar MoLI?F::iLCJIIar MoLIieF;:iL(lear
m/z
PS(32:1) 865.5452 32:1 32:1 32:1
PS(0-32:1) 851.5659 0-16:0/16:1 0-16:0/16:1 0-16:0/16:1 0-16:0/16:1
PS(P-33:0) 1023.5045 P-33:0
PS(33:1) 879.5609 17:0/16:1 16:1/17:0 17:0/16:1
PS(0-33:1) 865.5816 0-16:0/17:1 0-16:1/17:0 0-33:1 0-16:1/17:0
PS(0-33:2) 863.5659 0-33:2 0-33:2 0-33:2 0-33:2
PS(0-34:0) 881.6129 0-16:0/18:0 0-16:0/18:0 0-16:0/18:0 0-16:0/18:0
PS(34:1) 893.5765 18:0/16:1 18:0/16:1 18:0/16:1 18:0/16:1
16:0/18:1 16:0/18:1 16:0/18:1 16:0/18:1
PS(0-34:1) 879.5972 0-16:0/18:1 0-16:0/18:1 0-16:0/18:1 0-16:0/18:1
0-18:0/16:1 0-18:0/16:1 0-18:0/16:1 0-18:0/16:1
PS(P-34:1) 1035.5045 P-16:0/18:1 P-16:0/18:1 P-16:0/18:1 P-16:0/18:1
PS(34:2) 891.5609 18:1/16:1 18:1/16:1 18:1/16:1 18:1/16:1
16:0/18:2 16:0/18:2 16:0/18:2
PS(35:0) 909.6078 17:0/18:0 18:0/17:0 18:0/17:0
18:0/17:0
16:0/19:0
PS(0-35:0) 895.6285 0-16:0/17:0 0-16:0/17:0 0-16:0/17:0
PS(P-35:0) 1051.5358 P-35:0
PS(35:1) 907.5922 17:0/18:1 18:1/17:0 17:0/18:1 17:0/18:1
18:0/17:1 18:0/17:1 18:0/17:1 18:0/17:1
19:0/16:1 16:0/19:1 19:0/16:1 16:0/19:1
16:1/19:0 19:0/16:1
PS(0-35:1) 893.6129 0-18:0/17:1 0-16:0/19:1 0-18:1/17:0 0-17:0/18:1
0-16:0/19:1 0-17:0/18:1 0-17:0/18:1 0-18:0/17:1
0-17:0/18:1 0-18:0/17:1 0-16:0/19:1
0-18:1/17:0
PS(P-35:1) 1049.5201 P-35:1 P-35:1 P-35:1
PS(35:2) 905.5765 18:1/17:1 18:1/17:1 18:1/17:1 18:1/17:1
17:0/18:2 18:2/17:0
17:0/18:2
16:0/19:2
16:1/19:1
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PS(0-35:2) 891.5972 0-18:1/17:1 0-16:1/19:1 0-16:0/19:1 0-18:1/17:1
0-18:1/17:1 0-18:1/17:1
PS(0-36:0) 909.6442 0-18:0/18:0 0-18:0/18:0 0-18:0/18:0 0-18:0/18:0
PS(36:1) 921.6078 18:0/18:1 18:0/18:1 18:0/18:1 18:0/18:1
20:0/16:1 20:0/16:1 20:0/16:1 20:0/16:1
16:0/20:1 16:0/20:1
PS(0-36:1) 907.6285 0-18:0/18:1 0-18:0/18:1 0-18:0/18:1 0-18:0/18:1
0-16:0/20:1 0-16:0/20:1 0-16:0/20:1
0-18:1/18:0 0-18:1/18:0
PS(P-36:1) 1063.5358 P-18:0/18:1 P-18:0/18:1 P-18:0/18:1 P-18:0/18:1
PS(36:2) 919.5922 18:1/18:1 18:1/18:1 18:1/18:1 18:1/18:1
18:0/18:2 18:0/18:2 20:1/16:1 20:1/16:1
20:1/16:1 16:0/20:2 18:0/18:2 18:0/18:2
16:0/20:2 16:1/20:1
20:1/16:1
PS(0-36:2) 905.6129 0-18:1/18:1 0-16:0/20:2 0-18:1/18:1 0-18:1/18:1
0-18:0/18:2 0-18:1/18:1 0-18:0/18:2
0-16:0/20:2 0-18:0/18:2 0-16:0/20:2
PS(P-36:2) 1061.5201 P-18:1/18:1
PS(36:3) 917.5765 18:1/18:2 18:1/18:2 18:2/18:1 18:1/18:2
18:0/18:3 20:3/16:0 18:2/18:1
20:3/16:0 20:2/16:1
20:2/16:1 18:0/18:3
PS(0-37:0) 923.6598 0-37:0
PS(37:1) 935.6235 19:0/18:1 18:0/19:1 19:0/18:1 18:0/19:1
18:0/19:1 18:1/19:0 18:0/19:1 19:0/18:1
20:0/17:1 20:0/17:1 20:0/17:1 18:1/19:0
20:1/17:0 20:0/17:1
PS(0-37:1) 921.6442 0-18:0/19:1 0-18:0/19:1 0-18:0/19:1
PS(37:2) 933.6078 19:1/18:1 18:1/19:1 19:1/18:1 19:1/18:1
20:1/17:1 18:0/19:2 20:1/17:1 18:1/19:1
17:0/20:2 18:2/19:0 20:1/17:1
17:0/20:2
20:1/17:1
PS(0-38:0) 937.6755 0-38:0 0-38:0 0-38:0
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PS(38:1) 949.6391 20:0/18:1 20:0/18:1 20:0/18:1 20:0/18:1
18:0/20:1 18:0/20:1 18:0/20:1 18:0/20:1
22:0/16:1 22:0/16:1 20:1/18:0 20:1/18:0

22:0/16:1 22:0/16:1
22:1/16:0
PS(0-38:1) 935.6598 0-18:0/20:1 0-18:0/20:1 0-18:0/20:1
0-18:1/20:0

PS(38:2) 947.6235 20:1/18:1 20:1/18:1 20:1/18:1 20:1/18:1
18:0/20:2 18:1/20:1 18:0/20:2 22:1/16:1
22:1/16:1 18:0/20:2 20:2/18:0 18:0/20:2
20:0/18:2 22:1/16:1 22:1/16:1

20:0/18:2 20:0/18:2
PS(0-38:2) 933.6442 0-18:0/20:2 0-18:0/20:2 0-16:0/22:2
0-18:0/20:2

PS(38:3) 945.6078 18:0/20:3 18:0/20:3 20:2/18:1 18:0/20:3
20:2/18:1 18:1/20:2 18:0/20:3 20:2/18:1
18:1/20:2 20:1/18:2 20:1/18:2 20:1/18:2
20:1/18:2 18:2/20:1

PS(0-38:3) 931.6285 0-18:0/20:3 0-18:0/20:3 0-38:3
0-18:1/20:2

PS(38:4) 943.5922 18:0/20:4 18:0/20:4 18:0/20:4 18:0/20:4
18:1/20:3 18:1/20:3 18:1/20:3 18:1/20:3
16:0/22:4 16:0/22:4

PS(0-38:4) 929.6129 0-18:0/20:4 0-18:0/20:4 0-38:4 0-18:0/20:4
0-16:0/22:4 0-16:0/22:4
0-18:1/20:3
PS(P-38:4) 1085.5201 P-38:4 P-18:0/20:4
P-18:1/20:3

PS(38:5) 941.5765 18:0/20:5 18:1/20:1 18:1/20:4 18:1/20:1
18:1/20:1 18:0/20:5 18:0/20:5
16:0/22:5 16:0/22:5

PS(39:1) 963.6548 18:1/21:0 18:1/21:0 21:0/18:1 21:0/18:1
21:0/18:1 20:0/19:1 22:0/17:1 18:1/21:0
22:0/17:1 18:0/21:1 22:1/17:0 22:1/17:0

22:0/17:1 20:0/19:1 22:0/17:1
21:1/18:1 20:0/19:1

PS(39:2) 961.6391 21:1/18:1 21:1/18:1 22:1/17:1 21:1/18:1

18:1/21:1

PS(39:4) 957.6078 39:4 39:4 39:4
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PS(0-40:0) 965.7068 0-40:0
PS(40:1) 977.6704 22:0/18:1 22:0/18:1 22:0/18:1 22:0/18:1
22:1/18:0 22:1/18:0 22:1/18:0 22:1/18:.0
18:0/22:1 24:0/16:1 18:0/22:1 24:0/16:1
24:0/16:1 24:0/16:1
PS(40:2) 975.6548 22:1/18:1 22:1/18:1 22:1/18:1 22:1/18:1
22:0/18:2 22:0/18:2 18:0/22:2 24:1/16:1
18:0/22:2 20:0/20:2 24:1/16:1 18:0/22:2
24:1/16:1 24:1/16:1 20:1/20:1 22:2/18:0
18:0/22:2 22:0/18:2 20:1/20:1
20:0/20:2
PS(40:3) 973.6391 18:0/22:3 18:0/22:3 22:2/18:1 22:2/18:1
22:2/18:1 22:2/18:1 18:0/22:3 22:1/18:2
22:1/18:2 18:1/22:2 22:1/18:2 20:0/20:3
20:0/20:3 22:1/18:2 20:0/20:3
20:0/20:3
20:1/20:2
PS(40:4) 971.6235 18:0/22:4 18:0/22:4 20:0/20:4 20:0/20:4
20:0/20:4 20:0/20:4 20:1/20:3 20:1/20:3
20:1/20:3 20:1/20:3 18:0/22:4 18:0/22:4
18:1/22:3 18:1/22:3 18:1/22:3
PS(0-40:4) 957.6442 0-18:0/22:4 0-18:0/22:4
PS(40:5) 969.6078 18:0/22:5 18:0/22:5 20:1/20:4 20:1/20:4
18:1/22:4 18:1/22:4 18:1/22:4 18:1/22:4
20:1/20:4 20:1/20:4 18:0/22:5 18:0/22:5
PS(0-40:5) 955.6285 0-18:0/22:5 0-18:0/22:5 0-40:5 0-18:0/22:5
0-18:1/22:4
PS(40:6) 967.5922 18:0/22:6 18:0/22:6 18:0/22:6 18:0/22:6
18:1/22:5 18:1/22:5 18:1/22:5 18:1/22:5
PS(0-40:6) 953.6129 0-18:0/22:6 0-18:0/22:6
0-18:1/22:5
PS(41:1) 991.6861 23:0/18:1 23:0/18:1 23:0/18:1
24:0/17:1 24:0/17:1 18:1/23:0
24:0/17:1
PS(41:2) 989.6704 23:1/18:1 23:1/18:1 23:1/18:1
24:1/17:1 24:1/17:1
PS(0-42:0) 993.7381 0-42:0
PS(42:1) 1005.7017 24:0/18:1 24:0/18:1 24:0/18:1 24:0/18:1
18:0/24:1
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Table C.5 (Contd)

PS(42:2)

1003.6861

24:1/18:1

24:1/18:1

24:1/18:1

24:1/18:1

24:0/18:2

24:0/18:2

PS(42:3)

1001.6704

24:2/18:1

24:2/18:1

Table C.6 LPS sum compositions, their positive ionization mode m/z for MS
analysis and molecular lipids identified for SW480 cells, SW620 cells, SW480

exosomes and SW620 exosomes.

SW480 Cells | SW620 Cells SW480 Exo | SW620 Exo

Sum Comp (+) Mass MoLI?F;:ilélar Mol_lﬁfilélar MOI_IieFfiléilar Mol_lﬁfilcjjlar
m/z
PS(0O-17:1) 627.3519 0O-17:1 0-17:1 O-17:1
PS(18:0) 657.3625 18:0 18:0

PS(0-18:2) 639.3519 0-18:2 0-18:2 0-18:2 0-18:2
PS(0-20:2) 667.3832 0-20:2
PS(0O-20:4) 663.3519 0-20:4 0-20:4 0-20:4
PS(0-20:5) 661.3363 0-20:5 0-20:5 0-20:5 0-20:5
PS(P-22:1) 853.3374 P-22:1 P-22:1 P-22:1 P-22:1
PS(0-24:1) 725.4615 0-24:1 0-24:1 0-24:1
PS(P-24:1) 881.3687 P-24:1 P-24:1 P-24:1 P-24:1
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Table C.7 PG sum compositions, their positive ionization mode m/z for MS
analysis and molecular lipids identified for SW480 cells, SW620 cells, SW480

exosomes and SW620 exosomes.

SW480 Cells | SW620 Cells | SW480 Exo | SW620 Exo
Sum Comp (+) Mass Mol_lies:ilcjllar MoLI;eF;:ilCJIIar MoLI?F::iLCJIIar MoLIieF;:iL(lear
m/z
PG(32:0) 740.5436 32:0 32:0
PG(32:1) 738.5279 32:1 32:1
PG(34:1) 766.5592 16:0/18:1 16:0/18:1 16:0/18:1 16:0/18:1
16:1/18:0 18:1/16:0 18:1/16:0 18:1/16:0
16:1/18:0
PG(P-34:1) 908.4872 P-34:1 P-34:1 P-34:1
PG(34:2) 764.5436 16:1/18:1
18:1/16:1
PG(35:0) 782.5905 35:0
PG(0-35:1) 766.5956 0-35:1 0-35:1 0-35:1 0-35:1
PG(0-35:2) 764.5800 0-35:2
PG(36:1) 794.5905 18:0/18:1 18:0/18:1 18:0_18:1 18:0/18:1
18:1/18:0 18:1/18:0 18:1/18:0
16:0/20:1
PG(0-36:1) 780.6113 0-36:1 0-36:1 0-36:1 0-18:0/18:1
PG(36:2) 792.5749 18:1/18:1 18:1/18:1 18:1/18:1 18:1/18:1
PG(36:3) 790.5592 18:1_18:2 18:1/18:2 18:1 18:2
18:2/18:1
PG(0-36:3) 776.5800 0-36:3 0-36:3 0-36:3 0-36:3
PG(36:4) 788.5436 36:4 36:4
PG(0-36:4) 774.5643 0-36:4 0-36:4 0-36:4 0-36:4
PG(37:0) 810.6218 37:0
PG(37:1) 808.6062 37:1
PG(0-37:1) 794.6269 0-37:1 0-37:1 0-37:1 0-37:1
PG(0-37:2) 792.6113 0-37:2 0-37:2 0-37:2 0-37:2
PG(38:1) 822.6218 38:1 38:1
PG(0-38:1) 808.6426 0-38:1 0-38:1
858'(%%?5)' 820.6062 18:1/20:1 18:1/20:1 38:2 38:2
20:1/18:1 20:1/18:1
PG(0-38:2) 806.6269 0-38:2 0-38:2 0-38:2 0-38:2
PG(38:3) 818.5905 18:1_20:2 18:1_20:2
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Table C.8 LPG sum compositions, their positive ionization mode m/z for MS
analysis and molecular lipids identified for SW480 cells, SW620 cells, SW480

exosomes and SW620 exosomes.

SwW480 Cells | SW620 Cells SW480 Exo | SW620 Exo
Sum Comp (+) Mass Mol_lies:ilcjllar MoLI?;ilcjllar MoLI?F::iLCJIIar MoLIieF;:iL(lear
m/z
LPG(0-20:3) 538.3503 0-20:3
LPG(0-21:1) 556.3973 0-21:1 0-21:1 0-21:1
LPG(0-21:4) 550.3503 0-21:4 0-21:4 0-21:4
LPG(0-21:5) 548.3347 0-21.5 0-21.5 0-21.5 0-21:5

Table C.9 Pl sum compositions, their positive ionization mode m/z for MS
analysis and molecular lipids identified for SW480 cells, SW620 cells, SW480

exosomes and SW620 exosomes.

SW480 Cells | SW620 Cells SWA480 Exo SW620 Exo
Sum Comp | (+)Mass MoLIﬁ;:ilélar MoLIﬁ;:il(lear Mol_lﬁg:ilélar MoLI?aF::il(lear
m/z
PI1(32:0) 828.5596 32:0
PI(O-32:0) 814.5803 0-32:0 0-32:0 0-16:0/16:0
PI(32:1) 826.5440 32:1 32:1 32:1 32:1
PI(34:1) 854.5753 16:0/18:1 16:0/18:1 16:0/18:1 16:0/18:1
18:0/16:1 18:0/16:1 18:0/16:1 18:0/16:1
PI(O-34:1) 840.5960 0-16:0/18:1 0-16:0/18:1 0-16:0/18:1 0-16:0/18:1
0-18:1/16:0
PI1(34:2) 852.5596 18:1/16:1 18:1/16:1 18:1/16:1 18:1/16:1
16:0/18:2 16:0/18:2 16:0/18:2 16:0/18:2
PI(P-34:3) 992.4719 P-34:3 P-34:3
PI(35:1) 868.5909 17:0/18:1 17:0/18:1 17:0/18:1 17:0/18:1
18:0/17:1 18:0/17:1 18:0/17:1
16:0/19:1 16:0/19:1
PI(35:2) 866.5753 18:1/17:1 18:1/17:1 18:1/17:1
PI(O-35:2) 852.5960 0-35:2 0-35:2
PI(36:1) 882.6066 18:0/18:1 18:0/18:1 18:0/18:1 18:0/18:1
16:0/20:1 16:0/20:1 16:0/20:1
PI(O-36:1) 868.6273 0-18:0/18:1 0-18:0/18:1
0-16:0/20:1
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Table C.9 (Contd)

PI(36:2) 880.5909 18:1/18:1 18:1/18:1 18:1/18:1 18:1/18:1
18:0/18:2 18:0/18:2 18:0/18:2 18:0/18:2
16:0/20:2 16:0/20:2 16:0/20:2

PI(0-36:2) 866.6166 0-18:1/18:1 0-18:1/18:1
0-16:0/20:1

PI1(36:3) 878.5753 16:0/20:3 16:0/20:3 18:1/18:2
18:1/18:2 18:1/18:2 18:2/18:1
18:0/18:3 18:0/18:3

PI1(36:4) 876.5596 16:0/20:4

PI(P-36:4) 1018.4876 P-36:4

PI(37:2) 894.6066 18:0/19:2 18:0/19:2 18:0/19:2
19:1/18:1 19:1/18:1 19:1/18:1

PI1(38:2) 908.6222 18:0/20:2 18:0/20:2 18:0/20:2 18:0/20:2
18:1/20:1 18:1/20:1 18:1/20:1 18:1/20:1

20:1/18:1 20:1/18:1 20:1/18:1
PI(0-38:2) 894.6429 0-18:0/20:2
0-18:1/20:1

PI1(38:3) 906.6066 18:1/20:2 18:1/20:2 18:1/20:2 18:1/20:2
18:0/20:3 18:0/20:3 18:0/20:3 18:0/20:3

PI1(38:4) 904.5909 18:0/20:4 18:0/20:4 18:0/20:4 18:0/20:4
18:1/20:3 18:1/20:3 18:1/20:3 18:1/20:3

P1(38:5) 902.5753 18:1/20:4 18:1/20:4
16:0/22:5 16:0/22:5
18:0/20:5 18:0/20:5

P1(40:4) 932.6222 18:0/22:4

P1(40:5) 930.6066 40:5 18:0/22:5

18:1/22:4

P1(40:6) 928.5909 40:6 18:0/22:6

18:1/22:5
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Table C.10 SM sum compositions, their positive ionization mode m/z for MS
analysis and molecular lipids identified for SW480 cells, SW620 cells, SW480

exosomes and SW620 exosomes.

SW480 Cells | SW620 Cells SW480 Exo | SW620 Exo
Sum Comp (+) Mass Mol_lies:ilcjllar MoLI;eF;:ilCJIIar MoLI?F::iLCJIIar MoLIieF;:iL(lear
m/z
SM(32:1) 675.5435 32:1 32:1 32:1 32:1
SM(33:1) 689.5592 33:1 331 331 331
SM(34:1) 703.5748 di18:1/16:0 di8:1/16:0 di8:1/16:0 di8:1/16:0
SM(34:2) 701.5592 di18:2/16:0 di18:2/16:0 di18:2/16:0 d18:2/16:0
di8:1/16:1

SM(35:1) 717.5905 351 351 35:1
SM(36:1) 731.6061 36:1 36:1 d18:1/18:0 d18:1/18:0
SM(36:2) 729.5905 36:2 36:2 36:2 36:2
SM(38:1) 759.6374 38:1 38:1 38:1 38:1
SM(38:2) 757.6218 38:2
SM(39:1) 773.6531 39:1 39:1
SM(40:1) 787.6687 40:1 40:1 40:1 40:1
SM(40:2) 785.6531 40:2 40:2 40:2 40:2
SM(41:1) 801.6844 41:1 41:1 41:1 41:1
SM(41:2) 799.6687 41:2 41:2 41:2 41:2
SM(42:1) 815.7000 d18:1/24:0 d18:1/24:0 d18:1/24:0 d18:1/24:0
SM(42:2) 813.6844 d18:1/24:1 d18:1/24:1 d18:1/24:1 d18:1/24:1
SM(42:3) 811.6687 d18:1/24:2 d18:1/24:2 d18:1/24:2 d18:1/24:2

d18:0/24:3 d18:0/24:3
SM(43:1) 829.7157 43:1 43:1 d18:1/25:0
SM(43:2) 827.7000 43:2 d18:1/25:1
SM(44:1) 843.7313 44:1 44:1
SM(44:2) 841.7157 44:2 44:2
SM(44:3) 839.7000 44:3 44:3
SM(44:5) 835.6687 44:5 44:5
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Table C.11 Cer sum compositions, their positive ionization mode m/z for MS
analysis and molecular lipids identified for SW480 cells, SW620 cells, SW480

exosomes and SW620 exosomes.

SW480 Cells | SW620 Cells SW480 Exo SW620 Exo
Sum Comp (+) Mass Mol_lies:ilcjllar MoLI;eF;:ilCJIIar MoLI?F::iLCJIIar MoLIieF;:iL(lear
m/z
Cer(32:0) 512.5037 d18:0/14:0 d18:0/14:0
Cer(34:0) 540.5350 d18:0/16:0 d18:0/16:0 d18:0/16:0 d18:0/16:0
Cer(34:1) 538.5193 d18:1/16:0 d18:1/16:0 d18:1/16:0 d18:1/16:0
d16:1/18:0
Cer(34:2) 536.5037 d18:2/16:0 d18:2/16:0
di8:1/16:1 di8:1/16:1
Cer(36:0) 568.5660 d18:0/18:0 d18:0/18:0
Cer(36:1) 566.5502 d18:1/18:0 d18:1/18:0 d18:1/18:0
Cer(36:2) 564.5350 d18:2/18:0 d18:2/18:0
d18:1/18:1
Cer(40:1) 622.6132 d18:1/22:0 d18:1/22:0 d18:1/22:0 d18:1/22:0
d18:0/22:1 d18:0/22:1 d18:0/22:1 d18:0/22:1
d16:1/24:0 d16:1/24:0 d16:1/24:0
Cer(41:1) 636.6289 41:1 41:1 41:1
Cer(42:0) 652.6602 d18:0/24:0 d18:0/24:0 d18:0/24:0
Cer(42:1) 650.6445 d18:1/24:0 d18:1/24:0 d18:1/24:0 d18:1/24:0
d18:0/24:1 d18:0/24:1 d18:0/24:1 d18:0/24:1
d20:1/22:0 d20:1/22:0
Cer(42:2) 648.6289 d18:1/24:1 d18:1/24:1 d18:1/24:1 d18:1/24:1
d18:2/24:0 d18:2/24:0 d18:2/24:0 d18:2/24:0
d18:0/24:2 d18:0/24:2 d18:0/24:2 d18:0/24:2
Cer(42:3) 646.6132 d18:2/24:1 d18:2/24:1 d18:2/24:1 d18:2/24:1
d18:1/24:2 d18:1/24:2 d18:1/24:2 d18:1/24:2
d18:0/24:3 d18:0/24:3
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Table C.12 Hex-Cer sum compositions, their positive ionization mode m/z for MS
analysis and molecular lipids identified for SW480 cells, SW620 cells, SW480

exosomes and SW620 exosomes.

SW480 Cells | SW620 Cells | SW480 Exo | SW620 Exo
Sum Comp (+) Mass MoLIies:ichIIar MoLI?;ilcjllar MoLI?F::iLélar MoLIieF;:iL(lear
m/z
Cet'(%)il-: 1) 700.5722 34:1 34:1 34:1 341
Ce?((il)g: 1) 784.6661 40:1 401 4011
Ce?((ilxz-: 1) 812.6973 42:1 42:1 42:1 42:1
Ce?(iXZ-: 2) 810.6817 42:2 42:2 42:2 42:2
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Table C.13 TG sum compositions, their positive ionization mode m/z for MS
analysis and molecular lipids identified for SW480 cells, SW620 cells, SW480
exosomes and SW620 exosomes.

SW480 Cells

SW620 Cells

SW480 Exo

SW620 Exo

Sum Comp

(+) Mass

Molecular
Lipid

Molecular
Lipid

Molecular
Lipid

Molecular
Lipid

m/z

TG(44:0)

768.7075

12:0_14:0_18:0

12:0_14:0_18:0

12:0_16:0_16:0

12:0_14:0_18:0

12:0_16:0_16:0

12:0_16:0_16:0

14:0_14:0_16:0

12:0_16:0_16:0

14:0_14:0_16:0

14:0_14:0_16:0

15:0_15:0_14:0

14:0_14:0_16:0

13:0_13:0_18:0

15:0_15:0_14:0

13:0_13:0_18:0

13:0_15:0_16:0

13:0_15:0_18:0

15:0_15:0_14:0

15:0_15:0_14:0

TG(0-44:0)

754.7283

0-44.0

TG(44:1)

766.6919

12:0_14:0_18:1

12:0_14:0_18:1

12:0_16:0_16:1

12:0_16:0_16:1

14:0_14:0_16:1

14:0_14:0_16:1

14:0_14:1_16:0

14:0_14:1_16:0

TG(0-44:1)

752.7126

0-44:1

TG(44:4)

760.6449

44:4

44:4

TG(45:0)

782.7232

12:0_16:0_17:0

13:0_16:0_16:0

13:0_16:0_16:0

13:0_16:0_16:0

13:0_16:0_16:0

14:0_15:0_16:0

14:0_15:0_16:0

14:0_15:0_16:0

14:0_15:0_16:0

14:0_14:0_17:0

14:0_14:0_17:0

14:0_14:0_17:0

14:0_14:0_17:0

TG(45:1)

780.7075

12:0_15:0_18:1

14:0_15:0_16:1

14:0_15:0_16:1

12:0_16:0_17:1

14:0_15:1_16:1

14:1_15:0_16:0

13:0_14:0_18:1

14:1_15:0_16:0

13:0_16:0 _16:0

14:0 14.0 17:1

14:0_15.0 16:1

14:1 15.0 16:0

TG(46:0)

796.7388

12:0_14:.0 _20:0

12:0_16:0_18:0

12:0_14:0 _20:0

14:0_14:0_18:0

12:0 _16:0_18:0

14:0_14.0_18:0

12:0_16:0_18:0

14:0_16:0_16:0

12:0 17:.0_17:0

14:0_16:0 _16:0

12:0 17:.0_17:0

14:0_15:0_17:0

14:0_14.0_18:0

15:0_15:.0 16:0

14:0_14.0_18:0

15:0_15:0_16:0

14:0_16:0 _16:0

14:0_16:0_16:0

14:0_15.0 17:0

14:0_15.0 17:0

15:0_15:0_16:0

15:0_15:0_16:0

TG(0-46:0)

782.7596

TG(0-46:0)

TG(0-46:0)
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Table C.13 (Cont'd)

TG(46:1) 794.7232 | 14:0_14:0_18:1 | 12:0_16:0_18:1 | 12:0_16:0_18:1 | 14:0_14:0_18:1
14:0_16:0_16:1 | 14:0_14:0_18:1 | 14:0_14:0_18:1 | 14:0_16:0_16:1
14:0_16:0_16:1 | 14:0_16:0_16:1
14:1 16:0_16:0 | 14:1_16:0_16:0
TG(0-46:1) 780.7439 TG(0-46:1)

TG(46:2) 792.7075 14:0_14:0_18:2 14:0_14:1_18:1
14:0_14:1_18:1 14:0_16:1_16:1
14:0_16:1_16:1 14:1_16:0_16:1
14:1_16:0_16:1

TG(47:0) 810.7545 13:0_16:0_18:0 | 13:0_16:0_18:0 | 14:0_15:0_18:0 | 14:0_15:0_18:0
14:0_15:0_18:0 | 14:0_15:0_18:0 | 14:0_16:0_17:0 | 14:0_16:0_17:0
14:0_16:0_17:0 | 14:0_16:0_17:0 | 15:0_16:0_16:0 | 15:0_16:0_16:0
15:0_16:0_16:0 | 15:0_16:0_16:0

TG(0-47:0) 796.7752 TG(0-47:0)

TG(47:1) 808.7388 13:0_16:0_18:1 | 13:0_16:0_18:1 | 13:0_16:0_18:1 | 13:0_16:0_18:1
14:0_15:0_18:1 | 14:0_15:0_18:1 | 14:0_15:0_18:1 | 14:0_15:0_18:1
15:0_16:0_16:1 | 14:0_16:0_17:1 | 14:0_16:1_17:0 | 14:0_16:0_17:1

14:0_16:1_17:0 | 15:0_16:0_16:1 | 14:0_16:1_17:0
15:0_16:0_16:1 15:0_16:0_16:1
15:1_16:0_16:0 15:1_16:0_16:0

TG(47:2) 806.7232 13:0_16:1_18:1 13:0_16:1_18:1
13:1_16:0_18:1 14:0_15:1_18:1
14:0_15:1_18:1 14:0_16:1_17:1
14:0_16:1_17:1 14:1_15:0_18:1
14:1_15:0_18:1 14:1_16:0_17:1
14:1 16:.0 17:1 15:0 _16:1 _16:1
15:0_16:1 16:1 15:1 16:0_16:1
15:1 16:.0 16:1

TG(48:0) 824.7701 16:0_16:0 16:0 | 16:0 _16:0 _16:0 | 16:0_16:0 16:0 | 16:0_16:0_16:0
14:0_16:0 18:0 | 14:0_16:0 _18:0 | 14:0_16:0 _18:0 | 14:0_16:0_18:0
15:0 16:0 17:0 | 15:0_16:0 17:0 | 15:0 _16:0 17:0 | 15:0_16:0_17:0

TG(0-48:0) 810.7909 TG(0-48:0) TG(0-48:0)
TG(P-48:0) 966.6981 TG(P-48:0)
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Table C.13 (Cont'd)

TG(48:1)

822.7545

12:0_18:0_18:1

12:0_16:0_20:1

12:0_18:0_18:1

12:0_18:0_18:1

14:0_16:0_18:1

12:0_18:0_18:1

14:0_16:1_18:0

14:0_16:1_18:0

14:0_16:1_18:0

14:0_16:1_18:0

14:0_16:0_18:1

14:0_16:0_18:1

15:0_15:0_18:1

14:0_16:0_18:1

15:0_15:0_18:1

15:0_15:0_18:1

16:0_16:0_16:1

14:1_16:0_18:0

15:0_17:0_16:1

15:0_17:0_16:1

15:0_15:0_18:1

16:0_16:0_16:1

16:0_16:0_16:1

16:0_16:0_16:1

TG(0-48:1)

808.7752

TG(0-48:1)

TG(0-48:1)

TG(48:2)

820.7388

14:0_16:0_18:2

12:0_18:1_18:1

12:0_18:1_18:1

12:0_18:1_18:1

14:0_16:1_18:1

14:0_16:0_18:2

14:0_16:0_18:2

14:0_16:0_18:2

14:1_16:0_18:1

14:0_16:1_18:1

14:0_16:1_18:1

14:0_16:1_18:1

16:0_16:1_16:1

14:1_16:0_18:1

14:1_16:0_18:1

14:1_16:0_18:1

16:0_16:1_16:1

16:0_16:1_16:1

16:0_16:1_16:1

TG(0-48:2)

806.7596

TG(0-48:2)

TG(48:3)

818.7232

14:0_16:1_18:2

14:1_16:1_18:1

14:0_16:1_18:2

14:0_16:2_18:1

16:1_16:1_16:1

14:1_16:1_18:1

14:1_16:0_18:2

16:1_16:1_16:1

14:1_16:1_18:1

16:0_16:1_16:2

16:1_16:1_16:1

TG(49:0)

838.7858

14:0_16:0_19:0

14:0_16:0_19:0

15:0_16:0_18:0

14:0_17:0_18:0

14:0_17:0_18:0

14:0_17:0_18:0

16:0_16:0_17:0

15:0_16:0_18:0

15:0_16:0_18:0

15:0_16:0_18:0

16:0_16:0_17:0

16:0_16:0_17:0

16:0_16:0_17:0

TG(0-49:0)

824.8065

TG(0-49:0)

TG(0-49:0)

TG(49:1)

836.7701

13:0_18:0 18:1

13:0_18:0 18:1

15:0_16:0 18:1

15:0_16:0_18:1

14:.0 17.0_18:1

14:0_16:0 19:1

16:0_16:1 17:0

16:0_16:0_17:1

14.0_17:1_18:.0

14:.0 17:.0_18:1

16:0_16:1 17:0

15:0 _16:0 18:1

14:0_17:1_18:0

15:0 _16:1 18:0

15:0_16:0 18:1

16:0_16:.0 17:1

15:0 _16:1 18:0

16:0_16:1 17:0

16:0_16:.0 17:1

16:0_16:1 17:0

TG(0-49:1)

822.7909

TG(0-49:1)

TG(0-49:1)
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TG(49:2)

834.7545

13:0_18:1_18:1

13:0_18:1_18:1

13:0_18:1_18:1

14:0 17:1_18:1

15:0_16:0_18:2

15:0_16:0_18:2

15:0_16:0_18:2

15:0_16:1_18:1

15:0_16:1_18:1

15:0_16:1_18:1

16:0_16:1_17:1

15:1_16:0_18:1

15:1_16:0_18:1

16:0_16:1_17:1

16:0_16:1_17:1

TG(50:0)

852.8014

14:0_16:0_20:0

14:0_16:0_20:0

14:0_18:0_18:0

14:0_18:0_18:0

14:0_18:0_18:0

14:0_18:0_18:0

16:0_16:0_18:0

16:0_16:0_18:0

16:0_16:0_18:0

16:0_16:0_18:0

17:0_17:0_16:0

15:0_17:0_18:0

15:0_17:0_18:0

17:0_17:0_16:0

17:0_17:0_16:0

17:0_17:0_16:0

TG(0-50:0)

838.8222

TG(0-50:0)

TG(0-50:0)

TG(P-50:0)

994.7294

TG(P-50:0)

TG(50:1)

850.7858

14:0_16:0_20:1

14:0_16:0_20:1

14:0_18:0_18:1

14:0_18:0_18:1

14:0_18:0_18:1

14:0_18:0_18:1

16:0_16:0_18:1

16:0_16:0_18:1

16:0_16:0_18:1

16:0_16:0_18:1

16:0_16:1_18:0

16:0_16:1_18:0

16:0_16:1_18:0

16:0_16:1_18:0

17:0_17:0_16:1

15:0_17:0_18:1

17:0_17:0_16:1

15:0_17:1_18:0

17:0_17:0_16:1

17:0_17:1_16:0

TG(0-50:1)

836.8065

TG(0-50:1)

TG(0-50:1)

TG(P-50:1)

992.7137

TG(P-50:1)

TG(50:2)

848.7701

14:0_18:0_18:2

14:0_16:0_20:2

14:0_18:0_18:2

14:0_18:0_18:2

14:0_18:1_18:1

14:0_16:1_20:1

14:0_18:1_18:1

14:0_18:1_18:1

16:0_16:0 18:2

14:0_18:0 18:2

16:0_16:0 18:2

16:0_16:0_18:2

16:0_16:1 18:1

14:0 _18:1 18:1

16:0_16:1 18:1

16:0_16:1 18:1

16:1 16:1 18:0

14:1 16:.0 20:1

16:1 16:1 18:0

16:1 16:1 18:0

16:0 17:1 17:1

14:1 18:.0 18:1

16:0_16:0 18:2

16:0_16:1 18:1

16:0_16:2 18:0

16:1 16:1 18:0

16:0 17:1 17:1

TG(0-52:2)

834.7909

TG(0-52:2)

TG(0-52:2)
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TG(50:3)

846.7545

16:0_16:0_18:3

14:0_16:0_20:3

14:0_18:1_18:2

14:0_18:1_18:2

16:0_16:1_18:2

14:0_18:1_18:2

14:1_18:1_18:1

14:1_18:1_18:1

16:0_16:2_18:1

14:1_18:1_18:1

16:0_16:1_18:2

16:0_16:0_18:3

16:1_16:1_18:1

16:0_16:0_18:3

16:0_16:2_18:1

16:0_16:1_18:2

16:0_16:1_18:2

16:1_16:1_18:1

16:0_16:2_18:1

16:0_16:2_18:1

16:1_16:1_18:1

16:1_16:1_18:1

TG(0-50:3)

832.7752

TG(0-50:3)

TG(51:0)

866.8171

14:0_16:0_21:0

14:0_16:0_21:0

14:0_18:0_19:0

14:0_17:0_20:0

14:0_17:0_20:0

15:0_18:0_18:0

14:0_18:0_19:0

14:0_18:0_19:0

16:0_16:0_19:0

15:0_16:0_20:0

15:0_16:0_20:0

16:0:17:0_18:0

15:0_18:0_18:0

15:0_18:0_18:0

16:0_16:0_19:0

16:0_16:0_19:0

16:0_17:0_18:0

16:0_17:0_18:0

TG(0-51:0)

852.8378

TG(0-51:0)

TG(0-51:0)

TG(51:1)

864.8014

14:0_17:0_20:1

14:0_17:0_20:1

16:0_17:0_18:1

15:0_18:0_18:1

14:0_18:0_19:1

14:0_18:0_19:1

16:0_17:0_18:1

14:0_18:1_19:0

14:0_18:1_19:0

15:0_16:0_20:1

15:0_16:0_20:1

15:0_18:0_18:1

15:0_18:0_18:1

16:0_16:0_19:1

16:0_16:0_19:1

16:0_16:1_19:0

16:0_16:1_19:0

16:0_17:0_18:1

16:0_17:0_18:1

16:0_17:1_18:0

16:0_17:1_18:0

16:1 17:.0_18:0

16:1 17:.0_18:0

TG(0-51:1)

850.8222

TG(0O-51:1)

TG(0-51:1)

TG(P-51:1)

1006.7294

TG(P-51:1)

TG(51:2)

862.7858

15:0 18:1 18:1

15:0 _16:1 20:1

15:0 18:1 18:1

15:0 18:1 18:1

15:0 18:0 18:2

15:0 18:1 18:1

16:0 17:1 18:1

16:0_17:0_18:2

16:0_17:.0_18:2

15:0 18:0 18:2

16:1 17:.0 18:1

16:0_17:1 18:1

16:0 17:1 18:1

15:1 16:0 20:1

16:1 17:0_18:1

16:0_16:0 19:2

15:1 18:.0 18:1

16:0_16:1 19:1

16:0 _17.0_18:2

16:1 17:.0 18:1

16:0 17:1 18:1

16:1_17:1_18:0

16:0_16:0_19:2

16:0_16:1_19:1

16:1_17:0_18:1

16:1_17:1_18:0
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TG(O-51:2) 848.8065 TG(0O-51:2)

TG(P-51:2) 1004.7137 TG(P-51:2)

TG(51:3) 860.7701 15:0_18:1_18:2 15:0_18:1_18:2
16:0_17:1_18:2 16:0_17:1_18:2
16:0_17:2_18:1 16:0_17:2_18:1
16:1_17:1_18:1 16:1_17:0_18:2

16:1_17:1_18:1

TG(52:0) 880.8327 | 15:0_15:0_22:0 | 16:0_16:0_20:0 | 16:0_16:0_20:0 | 14:0_18:0_20:0
15:0_17:0_20:0 | 16:0_18:0_18:0 | 16:0_18:0_18:0 | 16:0_16:0_20:0
16:0_16:0_20:0 16:0_18:0_18:0
16:0_17:0_19:0 17:0_17:0_18:0
16:0_18:0_18:0
17:0_17:0_18:0

TG(0-52:0) 866.8535 TG(0-52:0) TG(0-52:0)

TG(52:1) 878.8171 | 14:0_18:0_20:1 | 14:0_16:0_22:1 | 16:0_16:0_20:1 | 16:0_16:0_20:1
14:0_18:1_20:0 | 14:0_18:0_20:1 | 16:0_18:0_18:1 | 16:0_18:0_18:1
16:0_16:0_20:1 | 14:0_18:1_20:0 | 16:1_18:0_18:0 | 16:1_18:0_18:0
16:0_16:1_20:0 | 16:0_16:0_20:1
16:0_18:0_18:1 | 16:0_16:1_20:0
16:1_18:0_18:0 | 16:0_18:0_18:1
17:0_17:0_18:1 | 16:1_18:0_18:0
17:0_16:0_19:1 | 17:0_17:0_18:1

TG(0-52:1) 864.8378 TG(0-52:1) TG(0-52:1)

TG(P-52:1) 1020.7450 TG(P-52:1)

TG(52:2) 876.8014 | 14:0_18:1 20:1 | 14:0_18:1_20:1 | 16:0_16:1_20:1 | 16:0_16:1_20:1
14:0_18:2 20:0 | 14:0_18:2 20:0 | 16:1_18:0 18:1 | 16:1 18:0 18:1
16:0_16:1 20:1 | 16:0_16:1 20:1 | 16:0_18:1 18:1 | 16:0 _18:1 18:1
16:1 16:1 20:0 | 16:1 16:1 20:0 | 16:0_18:0 18:2 | 16:0 _18:0 18:2
16:1 18:0 18:1 | 16:1 18:0 18:1
16:0_18:1 18:1 | 16:0_18:1 18:1
16:0_18:0 18:2 | 16:0_18:0 18:2

TG(0-52:2) 862.8222 TG(0-52:2) TG(0-52:2)
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TG(52:3)

874.7858

16:0_16:0_20:3

14:0_18:0_20:3

16:0_18:1_18:2

16:0_18:1_18:2

16:0_16:1_20:2

16:0_16:0_20:3

16:0_18:0_18:3

16:0_18:0_18:3

16:0_18:1_18:2

16:0_16:1_20:2

16:1_18:1_18:1

16:1_18:1_18:1

16:0_18:0_18:3

16:1_16:1_20:1

16:1_18:0_18:2

16:1_18:0_18:2

16:1_18:1_18:1

16:0_16:2_20:1

16:1_18:0_18:2

16:0_18:1_18:2

16:0_18:0_18:3

16:1_18:1_18:1

16:1_18:0_18:2

TG(0-52:3)

860.8065

TG(0-52:3)

TG(52:4)

872.7701

14:0_16:0_22:4

16:0_18:1_18:3

16:0_18:1_18:3

14:0_18:0_20:4

16:0_18:2_18:2

16:0_18:2_18:2

14:0_18:1_20:3

16:1_18:1_18:2

16:1_18:1_18:2

16:0_16:0_20:4

16:2_18:1_18:1

16:2_18:1_18:1

16:0_16:1_20:3

16:0_18:1_18:3

16:0_18:2_18:2

16:1_18:0_18:3

16:1_18:1_18:2

16:2_18:0_18:2

16:2_18:1_18:1

TG(0-52:4)

858.7909

TG(0-52:4)

TG(52:5)

870.7545

14:0_16:0_22:5

16:0_16:0_20:5

16:0_16:0_20:5

14:0_18:1_20:4

16:0_18:2_18:3

16:0_18:2_18:3

16:0_16:0_20:5

16:1_18:1_18:3

16:1_18:1_18:3

16:0_16:1 20:4

16:1 18:2 18:2

16:1 18:2 18:2

16:0_18:2 18:3

16:1 18:1 18:3

16:1 18:2 18:2

TG(0-52:5)

856.7752

TG(0-52:5)

TG(53:0)

894.8484

14:0_18:0 21:0

14:0_18:0 21:0

16:0_18:0_19:0

14:0_19:0 20:0

14:0_19:0 20:0

17:0_18:0_18:0

15:0_18:0 20:0

16:0_17:0_20:0

16:0_17:0_20:0

16:0_18:0 _19:0

16:0_18:0 _19:0

17:0_18:0_18:0

17:0_18:0_18:0
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TG(53:1)

892.8327

15:0_18:0_20:1

14:0_18:0 21:1

16:0_18:1_19:0

16:0_18:1_19:0

15:0_18:1_20:0

14:0_19:0_20:1

17:0_18:0_18:1

16:1_18:0_19:0

16:0_16:0_21:1

14:0_19:1_20:0

17:0_18:0_18:1

16:0_17:0_20:1

15:0_18:0_20:1

16:0_17:1_20:0

15:0_18:1_20:0

16:0_18:0_19:1

16:0_16:0_21:1

16:0_18:1_19:0

16:0_17:0_20:1

16:1_18:0_19:0

16:0_17:1_20:0

17:0_18:0_18:1

16:0_18:0_19:1

17:1_18:0_18:0

16:0_18:1_19:0

16:1_18:0_19:0

17:0_18:0_18:1

17:1_18:0_18:0

TG(0-53:1)

878.8535

TG(0-53:1)

TG(53:2)

890.8171

15:0_18:0_20:2

15:0_18:0_20:2

16:0_18:1_19:1

16:0_18:1_19:1

15:0_18:1_20:1

15:0_18:1_20:1

16:1_18:0_19:1

16:1_18:0_19:1

16:0_17:0_20:2

16:0_16:1_21:1

16:1_18:1_19:0

16:1_18:1_19:0

16:0_17:1_20:1

16:0_17:0_20:2

17:0_18:1_18:1

17:0_18:1_18:1

16:0_18:0_19:2

16:0_17:1_20:1

17:1_18:0_18:1

17:1_18:0_18:1

16:0_18:1_19:1

16:0_18:0_19:2

16:0_18:2_19:0

16:0_18:1_19:1

16:1_18:0_19:1

16:0_18:2_19:0

16:1_18:1_19:0

16:1_18:0_19:1

17:0_18:0_18:2

16:1_18:1_19:0

17:0_18:1_18:1

17:0_18:0_18:2

17:1 18:.0 18:1

17:0_18:1 18:1

17:1 18:.0 18:1

TG(53:3)

888.8014

16:0_18:1 19:2

16:0_17:2 20:1

17:0_18:1 18:2

16:1 18:1 19:1

16:0_18:2 19:1

16:0_18:1 19:2

17:1 18:1 18:1

17:0_18:1 _18:2

16:1 18:1 19:1

16:0_18:2 19:1

17:1 18:1 18:1

17:0_18:1 18:2

16:1 17:1 20:1

17:1 18:1 18:1

16:1 18:.0 19:2

16:1 18:1 19:1

17:0_18:1 18:2

17:1 18:.0 18:2

17:1_18:1_18:1

17:2_18:0_18:1

TG(0-53:3)

874.8222

TG(0-53:3)
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TG(54:0)

908.8640

14:0_16:0_24:0

16:0_16:0_22:0

14:0_16:0_24:0

14:0_18:0_22:0

16:0_18:0_20:0

18:0_18:0_18:0

14:0_20:0_20:0

18:0_18:0_18:0

15:0_15:0_24:0

15:0_17:0_22:0

15:0_19:0_20:0

16:0_16:0_22:0

16:0_18:0_20:0

17:0_17:0_20:0

17:0_18:0_19:0

18:0_18:0_18:0

TG(O-54:0)

894.8847

TG(0-54:0)

TG(0-54:0)

TG(54:1)

906.8484

14:0_16:0_24:1

14:0_16:0_24:1

16:0_18:1_20:0

16:0_18:1_20:0

14:0_18:0_22:1

14:0_18:0_22:1

18:0_18:0_18:1

18:0_18:0_18:1

14:0_20:0_20:1

14:0_20:0_20:1

16:0_16:0_22:1

14:0_18:1_22:0

16:0_18:0_20:1

16:0_16:0_22:1

16:0_18:1_20:0

16:0_16:1_22:0

16:1_18:0_20:0

16:0_18:0_20:1

17:0_17:0_20:1

16:0_18:1_20:0

17:0_18:1_19:0

16:1_18:0_20:0

18:0_18:0_18:1

18:0_18:0_18:1

TG(0-54:1)

892.8691

TG(0-54:1)

TG(0-54:1)

TG(54:2)

904.8327

14:0_18:0_22:2

14:0_18:0_22:2

16:0_18:1_20:1

16:0_18:1_20:1

14:0_18:1_22:1

14:0_18:1_22:1

16:0_18:2_20:0

16:0_18:2_20:0

14:0_16:0 20:2

14:0_16:0 20:2

16:1 18:.0 20:1

16:1 18:0 20:1

14.0_16:1 20:1

14:0_16:1 20:1

16:1 18:1 20:0

16:1 18:1 20:0

16:0_16:0 22:2

16:0_16:0 22:2

18:0_18:0 18:2

18:0_18:0_18:2

16:0_16:1 22:1

16:0_16:1 22:1

18:0_18:1 18:1

18:0_18:1 18:1

16:0_18:0 20:2

16:0_18:0 20:2

16:0_18:1 20:1

16:0_18:1 20:1

16:0_18:2 20:0

16:0_18:2 20:0

16:1 18:.0 20:1

16:1 18:.0 20:1

16:1 18:1 20:0

16:1 18:1 20:0

17:0_18:1 19:1

17:0_17.0 _20:2

18:0_18:0_18:2

17:0_18:1_19:1

18:0_18:1_18:1

18:0_18:0_18:2

18:0_18:1_18:1

TG(0-54:2)

890.8535

TG(0-54:2)

TG(0-54:2)
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TG(54:3) 902.8171 | 18:1_18:1 18:1 | 18:1_18:1_18:1 | 18:1_18:1 18:1 | 18:1_18:1_18:1
16:0_18:0_20:3 | 16:0_18:0_20:3 | 16:0_18:1_20:2 | 16:0_18:1_20:2
16:0_18:1_20:2 | 16:0_18:1_20:2 | 16:0_18:2_20:1 | 16:0_18:2_20:1
16:0_18:2_20:1 | 16:0_18:2_20:1 | 16:1_18:1_20:1 | 16:1_18:1_20:1
16:1_18:1_20:1 | 16:1_18:1_20:1 | 16:1_18:0_20:2 | 16:1_18:0_20:2
16:1_18:0 20:2 | 16:1_18:0_20:2 | 18:0_18:1_18:2 | 18:0_18:1_18:2
18:0_18:1_18:2 | 18:0_18:1_18:2

TG(0-54:3) 888.8378 TG(0-54:3) TG(0-54:3)

TG(54:4) 900.8014 16:0_18:0_20:4 | 16:0_16:0_22:4 | 16:0_18:1_20:3 | 16:0_18:2_20:2
16:0_18:1_20:3 | 16:0_18:0_20:4 | 16:0_18:2_20:2 | 16:1_18:1_20:2
16:1_18:0_20:3 | 16:0_18:1_20:3 | 16:1_18:0_20:3 | 18:0_18:1_18:3
18:0_18:1_18:3 | 16:0_18:2_20:2 | 16:1_18:1_20:2 | 18:0_18:2_18:2
18:0_18:2_18:2 | 16:0_18:3_20:1 | 18:0_18:1_18:3 | 18:1_18:1_18:2
18:1 18:1_18:2 | 16:1_18:0_20:3 | 18:0_18:2_18:2

16:1_18:1_20:2 | 18:1_18:1_18:2
16:1_18:2_20:1
18:0_18:1_18:3
18:0_18:2_18:2
18:1_18:1_18:2

TG(P-54:4) 1042.7294 TG(P-54:4)

TG(54:5) 898.7858 | 16:0_16:0_22:5 | 16:0_16:0_22:5 | 16:0_16:0_22:5 | 18:0_18:2_18:3
16:0_18:1_20:4 | 16:0_16:1_22:4 | 16:0_18:0_20:5 | 18:1_18:1_18:3
18:1 18:1_18:3 | 16:0_18:0_20:5 | 18:0_18:2_18:3 | 18:1_18:2_18:2
18:1 18:2_18:2 | 16:0_18:1_20:4 | 18:1_18:1_18:3

16:0_18:2_20:3 | 18:1_18:2_18:2
16:1 18:.0 20:4
16:1 18:1 20:3
18:0_18:2 18:3
18:1 18:1 18:3
18:1 18:2 18:2
TG(O-54:5) 884.8065 TG(O-54:5) TG(O-54:5)
TG(54:6) 896.7701 16:0_18:1 20:5 | 18:1 18:2 18:3 | 18:1_18:2 18:3
16:0 18:2 20:4 | 18:2_18:2 18:2 | 18:2 18:2 18:2
16:1 18:1 20:4
18:1 18:2 18:3
18:2_18:2_18:2
TG(0-54:6) 882.7909 TG(0-54:6)
TG(0-54:7) 880.7752 TG(0-54:7)
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TG(55:1)

920.8640

14:0_17:0_24:1

14:0_17:0_24:1

14:0_19:0 22:1

14:0_19:0_22:1

14:0_20:0_21:1

14:0_19:1_22:0

14:0_20:1_21:0

14:0_20:1_21:0

15:0_16:0_24:1

15:0_16:0_24:1

15:0_18:0_22:1

15:0_18:0_22:1

15:0_20:0_20:1

15:0_18:1_22:0

16:0_17:0_22:1

15:0_20:0_20:1

16:0_18:0_19:1

16:0_17:0_22:1

16:0_18:1_19:0

16:0_17:1_22:0

17:0_18:0_20:1

16:0_18:0_19:1

17:0_18:1_20:0

16:0_18:1_19:0

17:1_18:0_20:0

17:0_18:0_20:1

18:0_18:0_19:1

17:0_18:1_20:0

18:0_18:1_19:0

17:1_18:0_20:0

18:0_18:0_19:1

18:0_18:1_19:0

TG(O-55:1)

906.8847

TG(0-55:1)

TG(55:2)

918.8484

16:0_17:1_22:1

16:0_17:1_22:1

16:0_18:0_21:2

16:0_18:1_21:1

16:0_18:1_21:1

16:0_19:1_20:1

16:0_19:0_20:2

16:1_17:0_22:1

16:0_19:1_20:1

16:1_18:0_21:1

16:1_17:0_22:1

16:1_19:0_20:1

16:1_18:0_21:1

17:0_18:1_20:1

16:1 19:.0 20:1

17:1 18:.0 20:1

17:0_18:0 20:2

17:1 18:1 20:0

17:0_18:1 20:1

18:0_18:1 19:1

17:1 18:.0 20:1

18:1 18:1 19:.0

17:1 18:1 20:0

18:0 18:1 19:1

18:1 18:1 19:.0

TG(0-55:2)

904.8691

TG(0-55:2)
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TG(55:3)

916.8327

16:0_18:1_21:2

16:0_18:1_21:2

18:1_18:1_19:1

16:0_19:1_20:2

16:0_19:1_20:2

16:0_19:2_20:1

16:0_19:2_20:1

17:0_18:1_20:2

16:1_18:0_21:2

17:0_18:2_20:1

16:1_19:0_20:2

17:1_18:0_20:2

16:1_19:1_20:1

17:1_18:1_20:1

17:0_18:1_20:2

18:0_18:1_19:2

17:0_18:2_20:1

18:0_18:2_19:1

17:1_18:0_20:2

18:1_18:1_19:1

17:1_18:1_20:1

18:1_18:2_19:0

18:0_18:1_19:2

18:0_18:2_19:1

18:1_18:1_19:1

18:1_18:2_19:0

TG(55:4)

914.8171

16:0_18:1_21:3

16:0_19:1_20:3

16:0_19:2_20:2

17:0_18:1_20:3

17:0_18:2_20:2

18:1_18:1_19:2

18:1_18:2_19:1

TG(56:0)

936.8953

TG(56:0)

14:0_16:0_26:0

14:0_18:0_24:0

14:0_20:0_22:0

16:0_16:0_24:0

16:0_18:0 22:0

16:0_20:0_20:0

18:0_18:0 20:0
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TG(56:1)

934.8797

14:0_16:0_26:1

14:0_16:0_26:1

16:0_18:1_22:0

16:0_18:1_22:0

14:0_18:0 _24:1

14:0_18:0_24:1

18:0_18:1_20:0

18:0_18:1_20:0

14:0_18:1_24:0

14:0_18:1_24:0

14:0_20:0_22:1

14:0_20:0_22:1

14:0_20:1_22:0

14:0_20:1_22:0

16:0_16:0_24:1

16:0_16:0_24:1

16:0_16:1_24:0

16:0_16:1_24:0

16:0_18:0_22:1

16:0_18:0_22:1

16:0_18:1_22:0

16:0_18:1_22:0

16:0_20:0_20:1

16:0_20:0_20:1

16:1_18:0_22:0

16:1_18:0_22:0

16:1_20:0_20:0

16:1_20:0_20:0

18:0_18:0_20:1

18:0_18:0_20:1

18:0_18:1_20:0

18:0_18:1_20:0

TG(0-56:1)

920.9004

TG(0-56:1)

TG(56:2)

932.8640

14:0_18:0_24:2

14:0_18:0_24:2

16:0_18:1_22:1

16:0_18:1_22:1

14:0_18:1_24:1

14:0_18:1_24:1

16:0_18:2_22:0

16:0_18:2_22:0

14:0_20:0_22:2

14:0_18:2_24:0

16:0_20:1_20:1

16:0_20:1_20:1

14:0_20:1_22:1

14:0_20:0_22:2

16:1_18:0_22:1

16:1_18:0_22:1

14:0_20:2_22:0

14:0_20:1_22:1

16:1_18:1_22:0

16:1_18:1_22:0

16:0_16:0_24:2

14:0_20:2_22:0

16:1_20:0_20:1

16:1_20:0_20:1

16:0_16:1_24:1

16:0_16:0_24:2

18:0_18:1_20:1

18:0_18:1_20:1

16:0_18:0_22:2

16:0_16:1_24:1

18:0_18:2_20:0

18:0_18:2_20:0

16:0_18:1_22:1

16:0_18:0_22:2

18:1_18:1_20:0

18:1_18:1_20:0

16:0_18:2_22:0

16:0_18:1_22:1

16:0_20:0_20:2

16:0_18:2 22:0

16:0_20:1 20:1

16:0_20:0_20:2

16:1 18:.0 22:1

16:0 20:1_20:1

16:1 18:1 22:0

16:1 16:1 24:.0

16:1 20:0 _20:1

16:1 18:.0 22:1

18:0_18:0 20:2

16:1 18:1 22:0

18:0 _18:1 20:1

16:1 20:0 _20:1

18:0_18:2 20:0

18:0_18:0 20:2

18:1 18:1 20:0

18:0 _18:1 20:1

18:0_18:2 20:0

18:1_18:1_20:0

TG(0-56:2)

918.8847

TG(0-56:2)
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TG(56:3)

930.8484

16:0_18:0_22:3

16:0_18:0_22:3

16:0_20:1_20:2

16:1_20:1_20:1

16:0_18:1_22:2

16:0_18:1_22:2

16:1_20:0_20:2

18:1_18:1_20:1

16:0_18:2_22:1

16:0_18:2_22:1

16:1_20:1_20:1

18:1_18:2_20:0

16:0_20:0_20:3

16:0_20:0_20:3

18:1_18:1 20:1

16:0_20:1_20:2

16:0_20:1_20:2

18:1_18:2_20:0

16:1_18:0_22:2

16:1_18:0_22:2

16:1_18:1_22:1

16:1_18:1_22:1

16:1_20:0_20:2

16:1_20:0_20:2

16:1_20:1_20:1

16:1_20:1_20:1

18:0_18:0_20:3

18:0_18:0_20:3

18:0_18:1_20:2

18:0_18:1_20:2

18:0_18:2_20:1

18:0_18:2_20:1

18:1_18:1_20:1

18:1_18:1_20:1

18:1_18:2_20:0

18:1_18:2_20:0

TG(0-56:3)

916.8691

TG(0-56:3)

TG(56:4)

928.8327

16:0_20:1_20:3

16:0_18:0_22:4

18:1_18:1_20:2

18:1_18:1_20:2

16:0_20:2_20:2

16:0_18:1_22:3

18:1_18:2_20:1

18:1_18:2_20:1

18:0_18:1_20:3

16:0_18:2_22:2

18:2_18:2_20:0

18:2_18:2_20:0

18:0_18:2_20:2

16:0_20:1_20:3

18:1_18:1_20:2

16:0_20:2_20:2

18:1_18:2_20:1

16:1_18:0_22:3

16:1_18:1_22:2

16:1_20:0_20:3

16:1_20:1_20:2

18:0_18:1_20:3

18:0_18:2 20:2

18:1 18:1 20:2

18:1 18:2 20:1

18:2 18:2 20:0

TG(0-56:4)

914.8535

TG(0-56:4)
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TG(56:5)

926.8171

16:0_18:0_22:5

16:0_18:0_22:5

16:0_18:1_22:4

16:0_18:1 22:4

16:0_20:1_20:4

16:0_20:1_20:4

16:1_18:0_22:4

16:0_20:2_20:3

16:1_20:1_20:3

16:1_18:0_22:4

18:0_18:1_20:4

16:1_20:1_20:3

18:0_18:2_20:3

16:1_20:2_20:2

18:1_18:1_20:3

18:0_18:1_20:4

18:2_18:2_20:1

18:0_18:2_20:3

18:0_18:3_20:2

18:1_18:1_20:3

18:1_18:2_20:2

18:1_18:3_20:1

18:2_18:2_20:1

TG(O-56:5)

912.8378

TG(0-56:5)

TG(0-56:5)

TG(P-56:5)

1068.7450

TG(P-56:5)

TG(56:6)

924.8014

16:0_18:0_22:6

16:0_18:0_22:6

16:0_18:1_22:5

16:0_18:1_22:5

16:1_18:0_22:5

16:1_18:0_22:5

18:0_18:1_20:5

18:0_18:1_20:5

18:1_18:1_20:4

18:1_18:1_20:4

TG(0-56:6)

910.8222

TG(0-56:6)

TG(P-56:6)

1066.7294

TG(P-56:6)

TG(0-56:7)

908.8065

TG(0-56:7)

TG(0-56:7)

TG(P-56:7)

1064.7137

TG(P-56:7)
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TG(57:1)

948.8953

16:0_16:0_25:1

16:0_16:0_25:1

16:0_17:0_24:1

16:0_16:1_25:0

16:0_18:0_23:1

16:0_17:0_24:1

16:0_18:1_23:0

16:0_17:1_24:0

16:0_19:0_22:1

16:0_18:0_23:1

16:0_19:1_22:0

16:0_18:1_23:0

16:0_20:0_21:1

16:1_17:0_24:0

16:0_20:1_21:0

16:1_18:0_23:0

16:1_17:0_24:0

16:1_19:0_22:0

16:1_18:0_23:0

16:1_20:0_21:0

16:1_19:0_22:0

17:0_18:1_22:0

16:1_20:0_21:0

17:1_18:0_22:0

17:0_18:0_22:1

17:1_20:0_20:0

17:0_18:1_22:0

18:1_19:0_20:0

17:0_20:0_20:1

18:0_19:0_20:1

18:0_19:1_20:0

18:1_19:0_20:0

TG(O-57:1)

934.9160

TG(O-57:1)

TG(57:2)

946.8797

16:0_17:1_24:1

16:0_16:1_25:1

16:0_18:1_23:1

16:0_17:1_24:1

16:0_19:1_22:1

16:0_18:1_23:1

16:0_20:1_21:1

16:0_19:1_22:1

16:1_17:0_24:1

16:0_20:1_21:1

16:1_18:0_23:1

16:1_17:0_24:1

16:1 19:.0 22:1

16:1 18:.0 23:1

16:0_20:.0 21:1

16:1 19:.0 22:1

16:0_20:1_21:0

16:0 20:.0 21:1

17:.0_18:1 22:1

16:0_20:1_21:0

17:0 20:1_20:1

17:.0_18:1 22:1

17:1 18.0 22:1

17:0 20:1_20:1

17:1 20:0 _20:1

17:1 18.0 22:1

18:0 18:1 21:1

17:1 20:0 _20:1

18:0 19:1 20:1

18:0 18:1 21:1

18:1 18:1 21:0

18:0 19:1 20:1

18:1_19:0_20:1

18:1_18:1_21:0

18:1_19:1_20:0

18:1_19:0_20:1

18:1_19:1_20:0
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TG(57:3)

944.8640

16:1_19:1 22:1

18:1_19:1 20:1

TG(58:0)

964.9266

16:0_16:0_26:0

16:0_16:0_26:0

16:0_18:0_24:0

16:0_18:0_24:0

16:0_20:0_22:0

18:0_18:0_22:0

18:0_18:0_22:0

18:0_20:0_20:0

TG(O-58:0)

950.9473

TG(0-58:0)

TG(58:1)

962.9110

14:0_18:0_26:1

14:0_18:0_26:1

16:0_18:1_24:0

14:0_18:1_26:0

14:0_18:1_26:0

18:0_18:1_22:0

14:0_20:0_24:1

14:0_20:0_24:1

14:0_20:1_24:0

14:0_20:1_24:0

14:0_22:0_22:1

14:0_22:0_22:1

16:0_16:0_26:1

16:0_16:0_26:1

16:0_16:1_26:0

16:0_16:1_26:0

16:0_18:0_24:1

16:0_18:0_24:1

16:0_18:1_24:0

16:0_18:1_24:0

16:0_20:0_22:1

16:0_20:0_22:1

16:0_20:1_22:0

16:0_20:1_22:0

16:1_18:0_24:0

16:1_18:0_24:0

16:1_20:0_22:0

16:1_20:0_22:0

18:0_18:0_22:1

18:0_18:0_22:1

18:0_18:1_22:0

18:0_18:1_22:0

18:0_20:0_20:1

18:0_20:0_20:1

18:1_20:0_20:0

18:1_20:0_20:0

TG(0-58:1)

948.9317

TG(0-58:1)
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TG(58:2)

960.8953

14:0_18:0_26:2

14:0_18:0_26:2

18:1_18:1_22:0

16:0_18:1_24:1

14:0_18:1_26:1

14:0_18:1_26:1

16:0_18:2_24:0

14:0_20:0_24:2

14:0_20:0_24:2

16:1_18:0_24:1

14:0 20:1_24:1

14:0 20:1_24:1

16:1_18:1_24:0

14:0_20:2_24:2

14:0_22:0 _22:2

18:0_18:2_22:0

14:0_22:0 _22:2

14:0 22:1 22:1

18:1_18:1_22:0

14:0 22:1_22:1

16:0_16:0_26:2

16:0_16:0_26:2

16:0_16:1_26:1

16:0_16:1_26:1

16:0_18:0_24:2

16:0_18:0_24:2

16:0_18:1_24:1

16:0_18:1_24:1

16:0_18:2_24:0

16:0_18:2_24:0

16:0_20:0_22:2

16:0_20:0_22:2

16:0_20:1_22:1

16:0_20:1_22:1

16:1_18:0_24:1

16:0_20:2_22:0

16:1_18:1_24:0

16:1_18:0_24:1

16:1_20:0_22:1

16:1_18:1_24:0

18:0_18:0_22:2

16:1_20:0_22:1

18:0_18:1_22:1

18:0_18:0_22:2

18:0_18:2_22:0

18:0_18:1_22:1

18:0_20:1_20:1

18:0_18:2_22:0

18:1_18:1_22:0

18:0_20:0_20:2

18:1_20:0_20:1

18:0_20:1_20:1

18:2_20:0_20:0

18:1_18:1_22:0

18:1_20:0_20:1

18:2_20:0_20:0

TG(0-58:2)

946.9160

TG(0-58:2)
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TG(58:3)

958.8797

16:0_18:1_24:2

16:0_16:1_26:2

18:1_18:1 22:1

18:1_18:1 22:1

16:0_18:2_24:1

16:0_18:1_24:2

18:1_18:2_22:0

18:1_18:2_22:0

16:0_20:1_22:2

16:0_18:2_24:1

16:0_20:2_22:1

16:0_20:1_22:2

16:1_18:0_24:2

16:0_20:2_22:1

16:1_18:1 24:1

16:1_18:0_24:2

16:1_20:0_22:2

16:1_18:1_24:1

16:1_20:1_22:1

16:1_20:0_22:2

16:1_20:2_22:0

16:1_20:1_22:1

18:0_18:1_22:2

16:1_20:2_22:0

18:0_18:2_22:1

18:0_18:1_22:2

18:0_20:1_20:2

18:0_18:2_22:1

18:1_18:1_22:1

18:0_20:1_20:2

18:1_18:2_22:0

18:1_18:1 22:1

18:1_20:0_20:2

18:1_18:2_22:0

18:1_20:1_20:1

18:1_20:0_20:2

18:2_20:0_20:1

18:1_20:1_20:1

18:2_20:0_20:1

TG(0-58:3)

944.9004

TG(0-58:3)

TG(58:4)

956.8640

16:0_18:1_24:3

18:2_18:2_22:0

18:2_18:2_22:0

16:0_20:1_22:3

16:0_20:2_22:2

16:0_20:3 22:1

16:1_18:0_24:3

16:1_20:0_22:3

16:1 20:1 22:2

16:1 20:2_22:1

18:0_18:1 22:3

18:0 _18:2 22:2

18:0_20:1_20:3

18:0_20:2_20:2

18:1 18:1 22:2

18:1 18:2 22:1

18:1 20:0 _20:3

18:1 20:1 20:2

18:2_20:0_20:2

18:2_20:1_20:1
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Table C.13 (Cont'd)

TG(58:5)

954.8484

16:0_18:1_24:4

16:0_20:1_22:4

16:1_18:0_24:4

16:1_20:1_22:3

18:0_18:0_22:5

18:0_18:1 22:4

18:0_20:1_20:4

18:1_18:1_22:3

18:1_20:1_20:3

TG(O-58:5)

940.8691

TG(O-58:5)

TG(58:6)

952.8327

16:0_18:1_24:5

16:0_20:1_22:5

18:0_18:0_22:6

18:0_18:1_22:5

18:1_18:1_22:4

18:1_20:1_20:4

TG(O-58:6)

938.8535

TG(0-58:6)

TG(0-58:7)

936.8378

TG(0-58:7)

TG(59:1)

976.9266

16:0_18:0_25:1

16:0_18:1_25:0

17:0_18:1_24:0

18:0_18:1_23:0
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TG(59:2)

974.9110

16:0_17:1_26:1

16:0_17:1_26:1

16:0_18:1_25:1

16:0_18:1_25:1

16:0_19:1_24:1

16:0_19:1_24:1

16:0_20:1_23:1

16:0_20:1_23:1

16:1_17:0_26:1

16:1_17:0_26:1

16:1_18:0_25:1

16:1_18:0_25:1

16:1_19:0_24:1

16:1_18:1_25:0

16:1_19:1_24:0

16:1_19:0_24:1

16:1_20:1_23:0

16:1_19:1_24:0

17:0_18:1_24:1

16:1_20:1_23:0

17:0_20:1_22:1

17:0_18:1_24:1

17:1_18:0_24:1

17:1_18:0_24:1

17:1_18:1_24:0

17:1_18:1_24:0

17:1_20:1_22:0

18:0_18:1_23:1

18:0_18:1_23:1

18:1_18:1_23:0

18:0_19:1_22:1

19:0_20:1_20:1

18:1_18:1_23:0

18:1_19:0_22:1

18:1_19:1_22:0

19:0_20:1_20:1

TG(59:3)

972.8953

16:0_18:2_25:1

17:1_18:1_24:1

17:1_20:1_22:1

18:1_18:1 _23:1

18:1_19:1_22:1

19:1 20:1_20:1

TG(0-60:0)

978.9786

TG(0-60:0)

TG(60:1)

990.9423

TG(60:1)

TG(60:1)

TG(0-60:1)

976.9630

TG(0-60:1)
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Table C.13 (Cont'd)

TG(60:2)

988.9266

TG(60:2)

16:0_18:0_26:2

16:0_18:1_26:1

16:0_18:2_26:0

16:0_20:1_24:1

16:0 22:1_22:1

16:1_18:0_26:1

16:1_18:1_26:0

16:1_20:0_24:1

16:1_20:1_24:0

16:1_22:0 _22:1

18:0_18:1_24:1

18:0_18:2_24:0

18:0_20:1_22:1

18:1_18:1_24:0

18:1_20:0_22:1

18:1_20:1_22:0

18:2_20:0_22:0

20:0_20:1_20:1

TG(0-60:2)

974.9473

TG(0-60:2)

TG(60:3)

986.9110

16:0_18:1_26:2

16:0_18:1_26:2

18:1_18:1_24:1

16:0_18:2_26:1

16:0_18:2_26:1

18:1_18:2_24:0

16:0_20:1_24:2

16:0_20:1_24:2

16:0_20:2_24:1

16:0_20:2_24:1

16:0_22:1_22:2

16:0_22:1_22:2

16:1_18:0_26:2

16:1_18:0_26:2

16:1 18:1 26:1

16:1 18:1 26:1

16:1 20:1 24:1

16:1 20:1 24:1

16:1 20:2_24:.0

16:1 20:2_24:.0

16:1 22:1 22:1

16:1 22:1 22:1

18:0 _18:1 24:2

18:0_18:1 24:2

18:0 18:2 24:1

18:0 18:2 24:1

18:0 20:1 22:2

18:0 20:1 22:2

18:0 20:2 22:1

18:0 20:2_22:1

18:1 18:1 24:1

18:1 18:1 24:1

18:1 18:2 24:.0

18:1 18:2 24:.0

18:1_20:1_22:1

18:1_20:1_22:1

TG(0-60:3)

972.9317

TG(0-60:3)
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TG(60:4)

984.8953

16:0_18:1_26:3

16:0_18:2_26:2

16:0_20:2_24:2

16:0_20:3_24:1

16:0_20:4_24:0

16:0_22:2_22:2

16:1_18:0_26:3

16:1_18:1_26:2

16:1_20:1_24:2

16:1_20:2_24:1

16:1_20:3_24:0

16:1_22:1_22:2

18:0_18:2_24:2

18:0_20:2_22:2

18:0_20:3_22:1

18:1_18:1_24:2

18:1_18:2_24:1

18:1_20:1_22:2

18:1_20:2_22:1

18:2_18:2_24:0

18:2_20:1_22:1

20:1_20:1_20:2

TG(61:2)

1002.9423

16:0_18:1_27:1

16:0_19:1_26:1

16:0_20:1_25:1

17:0_18:1 26:1

17:0 20:1 24:1

17:1 18:.0 26:1

17:1 18:1 26:0

17:1 20:1_24:.0

18:0 _18:1 25:1

18:0 19:1 24:1

18:1 18:1 25:0

18:1 19:.0 24:1

18:1 19:1 24.0
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TG(61:3)

1000.9266

17:1_18:1 261

17:1_20:1_24:1

18:1_18:1 25:1

18:1_19:1 24:1

TG(61:4)

998.9110

TG(61:4)

TG(62:1)

1018.9736

16:0_18:1_28:0

18:0_18:1_26:0

18:1_20:0_24:0

TG(62:2)

1016.9579

16:0_18:1_28:1

16:0_20:1_26:1

16:0_22:1_24:1

16:1_18:0_28:1

16:1_18:1_28:0

16:1_20:0_26:1

16:1_20:1_26:0

16:1_22:0_24:1

16:1_22:1_24:0

18:0_18:1_26:1

18:0_20:1_24:1

18:0 22:1 22:1

18:1_18:1_26:0

18:1_20:0_24:1

18:1_20:1_24:0

18:1_22:0 22:1

20:0_20:1_22:1

TG(62:3)

1014.9423

16:0_20:1_26:2

16:0_20:2_26:1

18:0 20:2_26:1

18:0 _18:2 26:2

18:0 20:2 24:1

18:1 18:1 26:1

18:1 18:2 26:0

18:1 20:1 24:1

18:1 20:2_24:.0

18:1 22:1 22:1

18:2_20:1_24:0
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TG(62:4)

1012.9266

18:0_18:2_26:2

18:0_20:2_24:2

18:0_20:3_24:1

18:0_20:4_24:0

18:1_18:1_26:2

18:1_18:2_26:1

18:1_20:1_24:2

18:1_20:2_24:1

28:1_20:3 24:0

18:2_20:1_24:1

18:2_20:2_24:0

TG(62:5)

1010.9110

TG(62:5)

18:0_20:4_24:1

18:1_20:3_24:1

18:1_20:4_24:0

TG(62:8)

1004.8640

TG(62:8)

TG(63:5)

1024.9266

TG(63:5)

TG(64:0)

1049.0205

TG(64:0)

TG(64:2)

1044.9892

16:0_22:1_26:1

16:0_24:1_24:1

18:0_20:1_26:1

18:0 22:1_24:1

18:1_18:1_28:0

18:1_20:0_26:1

18:1_20:1_26:0

20:0_20:1_24:1

20:0 22:1 22:1

TG(64:3)

1042.9736

18:1 18:1 28:1

18:1 20:1 26:1

18:1 22:1 24:1

20:1 20:1 24:1

20:1 22:1 22:1

TG(64:6)

1036.9266

18:0 22:6 24:.0

18:1 22:5 24:.0

TG(64:8)

1032.8953

TG(64:8)

TG(64:8)

TG(64:9)

1030.8797

TG(64:9)

TG(66:8)

1060.9266

TG(66:8)

TG(66:8)

TG(66:9)

1058.9110

TG(66:9)

TG(66:9)

TG(68:1)

1103.0675

TG(68:1)

TG(68:2)

1101.0518

TG(68:2)
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Table C.13 (Cont'd)

TG(68:9) 1086.9423 TG(68:9)
TG(70:1) 1131.0988 TG(70:1)
TG(70:2) 1129.0831 TG(70:2)
TG(72:1) 1159.1301 TG(72:1)
TG(72:2) 1157.1144 TG(72:2)

Table C.14 DG sum compositions and their positive ionization mode m/z for MS
analysis for SwW480 cells, SW620 cells, SW480 exosomes and SWG620

exosomes.
SWA480 Cells | SW620 Cells | SW480 Exo | SW620 Exo
Sum Comp (+) Mass MoLI?F::iLélar Mol_lie;ilélar MoLI?pcilélar MoLI?F::ilélar
m/z

DG(28:0) 530.4779 28:0 28:0 28:0 28:0

DG(30:0) 558.5092 30:0 30:0
DG(0-30:0) 544.5299 0-30:0

DG(32:0) 586.5405 32:.0 32:.0 32:.0 32:0
DG(0-32:0) 572.5612 0-32:0 0-32:0 0-32:0 0-32:0
DG(P-32:0) 728.4684 P-32:0

DG(32:1) 584.5248 32:1 32:1 32:1 32:1
DG(0-32:1) 570.5456 0-32:1 0-32:1 0-32:1 0-32:1
DG(P-32:1) 726.4528 P-32:1

DG(32:2) 582.5092 32:2

DG(33:0) 600.5561 33:.0 33:.0
DG(0-33:0) 586.5769 0-33:0 0-33:0

DG(33:1) 598.5405 33:1 33:1 33:1
DG(0-33:1) 584.5612 0-33:1 0-33:1 0-33:1 0-33:1

DG(34:0) 614.5718 34:0 34:0 34:0
DG(0-34:0) 600.5925 0-34:0 0-34:0 0-34:0
DG(P-34:0) 756.4997 P-34:0

DG(34:1) 612.5561 34:1 34:1 34:1 34:1
DG(0-34:1) 598.5769 0-34:1 0-34:1 0-34:1 0-34:1
DG(P-34:1) 754.4841 P-34:1 P-34:1 P-34:1 P-34:1

DG(34:2) 610.5405 34:2 34:2 34:2 34:2
DG(0-34:2) 596.5612 0-34:2

DG(35:1) 626.5718 35:1 35:1 35:1
DG(0-35:1) 612.5925 0-35:1 0-35:1 0-35:1 0-35:1

DG(35:2) 624.5561 35:2 35:2 35:2
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DG(36:0) 642.6031 36:0 36:0
DG(0-36:0) | 628.6238 0-36:0 0-36:0
DG(36:1) 640.5874 36:1 36:1 36:1 36:1
DG(0-36:1) | 626.6081 0-36:1 0-36:1 0-36:1 0-36:1
DG(P-36:1) 782.5154 P-36:1 P-36:1
DG(36:2) 638.5718 36:2 36:2 36:2 36:2
DG(0-36:2) | 624.5925 0-36:2 0-36:2 0-36:2 0-36:2
DG(36:3) 636.5561 36:3 36:3 36:3 36:3
DG(36:4) 634.5405 36:4 36:4 36:4
DG(37:2) 652.5874 37:2 37:2 37:2
DG(38:1) 668.6187 38:1 38:1 38:1 38:1
DG(0-38:1) | 654.6394 0-38:1 0-38:1
DG(38:2) 666.6031 38:2 38:2 38:2 38:2
DG(38:3) 664.5874 38:3 38:3 38:3
DG(38:4) 662.5718 38:4 38:4
DG(38:5) 660.5561 38:5
DG(0-38:5) | 646.5769 0-38:5 0-38:5
DG(0-38:6) | 644.5612 0-38:6 0-38:6
DG(0-39:1) | 668.6551 0-39:1
DG(40:1) 696.6500 40:1 40:1 40:1
DG(40:2) 694.6344 40:2 40:2 40:2
DG(42:1) 724.6813 42:1
DG(42:2) 722.6657 42:2
DG(43:6) 728.6187 43:6 43:6 43:6 43:6
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Table C.15 MG sum compositions, their positive ionization mode m/z for MS
analysis and molecular lipid identities for SW480 cells, SW620 cells, SW480

exosomes and SW620 exosomes.

SWA480 Cells | SW620 Cells | SW480 Exo | SW620 Exo
Sum Comp (+) Mass Mol_lies:ilcjllar MoLI;eF;:ilCJIIar MoLI?F::iLCJIIar MoLIieF;:iL(lear
m/z
MG(0-14:0) 306.3003 0-14:0 0-14:0 0-14:0 0-14:0
MG(15:1) 332.2795 15:1 15:1 15:1 15:1
MG(16:0) 348.3108 16:0 16:0 16:0 16:0
MG(0-16:0) 334.3315 0-16:0 0-16:0 0-16:0
MG(P-16:0) 490.2388 P-16:0 P-16:0 P-16:0
MG(16:1) 346.2952 16:1 16:1
MG(O-16:1) 332.3159 0O-16:1 0O-16:1 0O-16:1 0-16:1
MG(17:0) 362.3265 17:0
MG(O-17:0) 348.3472 0-17:0
MG(17:1) 360.3108 17:1 17:1
MG(18:0) 376.3421 18:0 18:0 18:0 18:0
MG(0-18:0) 362.3628 0-18:0 0-18:0 0-18:0
MG(P-18:0) 518.2701 P-18:0
MG(18:1) 374.3265 18:1 18:1 18:1 18:1
MG(0-18:1) 360.3472 0-18:1 0-18:1 0-18:1
MG(18:2) 372.3108 18:2 18:2
MG(18:3) 370.2952 18:3 18:3 18:3 18:3
MG(19:0) 390.3578 19:0
MG(19:1) 388.3421 19:1 19:1 19:1 19:1
MG(19:2) 386.3265 19:2 19:2 19:2 19:2
MG(20:1) 402.3578 20:1 20:1 20:1
MG(20:2) 400.3421 20:2 20:2
MG(21:1) 416.3734 21:1 21:1 21:1 21:1
MG(21:5) 408.3108 21:5 21:5 21:5 21:5
MG(22:1) 430.3891 22:1 22:1
MG(22:2) 428.3734 22:2 22:2
MG(22:3) 426.3578 22:3 22:3
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Table C.16 Chol Ester sum compositions, their positive ionization mode m/z for
MS analysis and molecular lipid identities for SW480 cells, SW620 cells, SW480

exosomes and SW620 exosomes.

SW480 Cells | SW620 Cells | SW480 Exo | SW620 Exo
Sum Comp (+) Mass Mol_lies:ilcjllar MoLI;eF;:ilcjllar MoLI?FE:iLCJIIar MoLIieF;:iL(lear
m/z
Chol(14:0) 614.5870 14:0 14:0
Chol(16:0) 642.6183 16:0 16:0
Chol(16:1) 640.6027 16:1 16:1
Chol(18:0) 670.6496 18:0 18:0
Chol(18:1) 668.6340 18:1 18:1 18:1
Chol(18:2) 666.6183 18:2 18:2
Chol(20:0) 698.6809 20:0 20:0
Chol(20:1) 696.6653 20:1 20:1
Chol(20:2) 694.6496 20:2 20:2
Chol(20:3) 692.6340 20:3 20:3
Chol(20:4) 690.6183 20:4
Chol(22:0) 726.7122 22:0
Chol(22:1) 724.6966 22:1 22:1
Chol(22:5) 716.6340 22:5 22:5
Chol(22:6) 714.6183 22:6 22:6
Chol(24:0) 754.7435 24:0 24:0
Chol(24:1) 752.7279 24:1 24:1
Chol(24:2) 750.7122 24:2
Chol(26:0) 782.7748 26:0
Chol(26:1) 780.7592 26:1 26:1
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