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ABSTRACT

Understanding oxidized Phosphatidylserine and Sphingolipid metabolism in macrophages
June 2021
Neelay Mehendale, M.Sc. Biotechnology
Institute of Bioinformatics and Biotechnology, Savitribai Phule Pune University
Chair of Research Advisory Committee: Dr. Siddhesh S. Kamat

Lipids encompass more than 45,000 species and are known to partake in several biological
functions. Their diversity and low abundance in biological systems presents a challenge for
studying them. In my doctoral research, I have capitalized on the power of mass spectrometry
to dissect the biochemistry of lipid metabolism underlying certain signaling and cell biological

processes operating in macrophages — cells of the immune system.

I started off by studying the metabolism of oxidized phospholipids — oxidized
phosphatidylserine in particular. Oxidative stress, through the elevation of Reactive Oxygen
Species (ROS), damages cellular Phosphatidylserines (PS) and give rise to oxidized PS, which
often get misread as an apoptotic signal. It was hypothesized that the cells must have a
mechanism to counter this untimely apoptosis, by means of an enzyme capable of hydrolyzing
oxidized PS. In an effort to find this enzyme(s), I developed methods to achieve stable and
dose-dependent increase in intracellular ROS and subsequent elevation in oxidized PS,
following which, a chemical-genetic screen for serine hydrolases then helped me pick out a
few candidate lipases. My colleagues then proceeded to identify ABHD12 as a novel oxidized
PS lipase.

To further study lipid biochemisty in macrophages, I performed lipidomic analyses of
phagosomes — organelles made of internalized and membrane bound particles. The formation,
maturation, and subsequent degradation of a phagosome is an important immune response
essential for protection against many pathogens. Yet, the global lipid profile of phagosomes
was unknown, especially as a function of their maturation in immune cells. Through mass
spectrometry based lipidomics, I find that ceramides and glucosylceramides get enriched as the
phagosomes proceed from an Early (EP) stage to a matured Late (LP) stage for fusion with
lysosomes. This was attributed to an interplay of the activities of ceramide synthase 2, pH

dependant ceramidase and glucosylceramide synthase enzymes, through proteomic and

1



biochemical assays. Taken together, these studies provide a comprehensive picture and

possible new roles of sphingolipid metabolism during phagosomal maturation.



CHAPTER
INTRODUCTION



Lipids form the building blocks of cells, along with proteins, nucleic acids and carbohydrates.
They are fundamental components of cellular and subcellular membranes, and have roles to
play in structural as well as signaling events !. Lipids present an enormous variety in their
chemical structures, which can be used to categorize them under various classes. LIPID MAPS
has defined over 45000 structures of lipids under these classes . Among these, Fatty Acids,
Glycerolipids, glycerophospholipids and sphingolipids together account for the majority of
lipids.

Naturally occurring fatty acids contain even number of carbons and are classified as short chain
(less than 10 carbons), medium chain (10-14 carbons), long chain (16-20 carbons) and very
long chain (more than 20 carbons) fatty acids, and may be saturated or carry one or more
unsaturations. These fatty acids when appended on a glycerol backbone, give rise to Mono-,
Di- or Tri- Acyl glycerols (Figure 1.1). Phospholipids also have a glycerol backbone, carry
acylations at the sn-1 and sn-2 positions and have a head-group attached to the sn-3 carbon
through a phosphate, which determines the class of the phospholipid (Figure 1.1).
Sphingolipids, on the other hand, have a sphingosine backbone with sn-2 acylation and a head-

group at sn-3, which is used for classifying the sphingolipids into its subclasses (Figure 1.1).

Fatty acids are synthesized largely in the cellular cytoplasm * and broken down in mitochondria

and peroxisomes by beta oxidation °

. Fatty acids are converted to glycerolipids and
glycerophospholipids by enzymes dedicated for their synthesis at various sites within the cell
67 The metabolism of sphingolipids is centered around cermides which are usually synthesized
in the endoplasmic reticulum and further converted to sphingomyelins and hexose derivatives
like glucosylceramides 8. These lipids can be often be interconverted through salvage pathways

to maintain their function-specific stoichiometry.

Lipids act as signaling molecules and secondary messengers through functional interactions
with receptors and other proteins ” and are often localized in various compartments °. They are
involved in several biological pathways, thus their activity-dependent subcellular localization
is important for maintaining healthy signaling within cells. Maintaining this localization is
imperative as lipids can easily diffuse through membranes and are also transported by the
action of lipid transporters *!°. For instance, phosphatidylserines are enriched on the inner
leaflet of the plasma membrane °, while a breakdown of this membrane asymmetry, and a
resultant flux of phosphatidylserine to the outer leaflet is a signal for apoptosis !!. In another

case, ceramides are synthesized in the endoplasmic reticulum 8 but found predominantly in the



trans Golgi network '* and are known to be involved in cell proliferation, differentiation and

apoptosis 3. Aberrant signaling by ceramides has been linked to neurodegenerative disorders
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Figure 1.1. Structures of Lipids. Glycerolipids and phospholipids have a glycerol backbone
with fatty acid acylations. Phospholipids have a polar headgroup attached at sn-3 through a
phosphate. Sphingolipids have a sphingosine backbone, while ceramides have an additional

fatty acid acylation at the sn-2 amino group.

Lipid homeostasis is tightly regulated by the cell to ensure cellular health. Excess or
unnecessary lipids are broken down predominantly by lipases - lipid hydrolysing enzymes of
the serine hydrolase family - for maintaining steady levels of accumulation . All the pathways
of synthesis, transport, and breakdown of lipids form a complex network that functions at a

delicate equilibrium, thereby ensuring healthy cellular signaling.



Apart from enzymatic biochemistry of lipids, non-enzymatic mechanisms like oxidative
damage also lead to formation of a variety of biologically active lipid products '°. Their
presence often leads to detrimental effects to normal cellular functioning. Albeit, cells have the
capacity to combat these off-effects through the action of lipases that are capable of

hydrolyzing oxidized lipids '®!".

Understanding the biological relevance of lipid diversity has been a fundamental challenge
owing to their low abundance. Mass spectrometry has paved the way for addressing this
challenge and furthering our understanding of health and disease in the context of cellular lipid

biochemistry. '®

In my doctoral research, I aimed at understanding lipid metabolic pathways in macrophages,
pertaining to oxidized phosphatidylserine during oxidative stress, and sphingolipids (ceramides

and glucosylceramides in particular) in the process of phagocytosis.

Oxidative stress and lipid oxidation

Reactive oxygen species (ROS) are transient, yet highly reactive chemical intermediates
containing oxygen. In biological systems, these high-energy oxygen species are produced as
byproducts and/or intermediates during the metabolism of molecular oxygen. These oxygen-
derived species include the superoxide radical anion, hydrogen peroxide, the hydroxyl radical
and singlet oxygen. They are produced widely in biological systems as part of habitual catalytic
metabolism of oxygen, through cellular processes like mitochondrial respiration, activity of

enzymes or through Fenton reactions ' (Figure 1.2A).

The concentration of ROS generated under normal physiological conditions in cells and/or
tissues is tightly controlled by various enzymes and cellular anti-oxidants, which serve as a
defense system to protect cells from the deleterious effects of surplus ROS. However,
‘oxidative stress’ arises when there is an imbalance between ROS generation and its

sequestration 2,

Elevated ROS can lead to non-specific damage of DNA 2!, proteins %2, and lipids (through lipid
peroxidation, Figure 1.2B)'>. Of note is that oxidative stress is an underlining contributor to a
wide spectrum of human pathophysiological conditions such as neurodegenerative disorders,

metabolic syndromes, autoimmune conditions, and cancer 2*2°,
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Figure 1.2. ROS are generated through mitochondrial respiration and subsequently damage
membrane lipids. (4) Superoxides are generated when oxygen accepts an electron and
terminates the electron transport chain. It leads to the subsequent formation of peroxide and
hydroxyl radicals. (B) The ROS species inflict damage upon lipid molecules bearing
unsaturation through the process of lipid peroxidation, and finally yield several functional

group derivatives of oxidatively damaged lipids.

The lipid bilayer provides a functional barrier between subcellular compartments and between
the cell and the environment, thus rendering it as the first line of defense against ROS as they

traverse membranes. ROS readily oxidize the unsaturated bonds of polyunsaturated fatty acids



(PUFAs) like arachidonic acid (C20:4), eicosapentaenoic acid (C20:5) and docosahexenoic
acid (C22:6) — among others'. The highly reactive hydroxyl radical, abstracts a hydrogen atom
from the bisallylic position of these PUFAs, rearranges the unsaturation, and leaves behind an
activated carbon radical. This is followed by peroxidation, whereby an oxygen molecule is
added leading to the formation of a lipid-peroxide radical. Further, it gives rise to breakdown
products that contain hydroxides, epoxides, and/ or carbonyls '* (Figure 1.2B ). PUFAs
acylated to membrane phospholipids and other lipids are also susceptible to damage by ROS.
Oxidative damage is indiscriminate and has detrimental effects on the physical and biochemical
properties of membranes. '>?® Oxidation of membrane lipids generates an array of biologically
active products that adversely affects normal cell growth by altering membrane fluidity and

elasticity, impairing cellular signaling, and eventual apoptosis '°.

Phospholipids are prone to oxidative damage, given that they are major components of most
cellular membranes. Oxidized phospholipids trigger the electrophilic stress response, the
unfolded protein response, affect the transcription of genes, and promote inflammation and
apoptosis 2°. Oxidized phospholipids have intermediate hydrophobicity that disrupts the
membrane curvature ’. The can be recognized by several cell surface receptors and serve as
ligands for CD36, SRB-1, platelet activating factor receptor, prostaglandin receptors including
E2 and D2 receptors, and possibly TLRs 2°. These receptors in turn regulate inflammatory

responses to oxidative stress®®.

Phosphatidylserine (PS) is actively partitioned to the inner leaflet of the plasma membrane by

the enzyme flippase °

, as its presence on the outer surface recruits macrophages through
interactions with scavenger receptors like CD-36 2°  ultimately signaling for apoptosis.
Annexin V, a protein with an unclear function, is also known to bind to the head-group of PS
which is considered as a marker for apoptosis, phagocytosis, and formation of plasma-

membrane derived microparticles °.

Breakdown of the membrane asymmetry of PS was earlier thought to be catalyzed by the
enzyme scramblase 2® (Figure 1.3). However, Oxidized PS does not require scramblase to
translocate itself to the outer leaflet, and thus acts like a non-enzymatic scramblase 2°, leading
to a flux of oxidized PS to the outer leaflet of the plasma membrane (Figure 1.3). Withal, it
interacts with CD-36 and Annexin V with efficiency equal to that of PS ?°. Together, this not
only disrupts the asymmetry of PS in the membrane but also signals for apoptosis (Figure 1.3).

Interaction of oxidized PS with SRBI1, also promotes clearance of apoptotic cells ?°. This



indicates that oxidized PS often gets misread as an apoptotic signal and also has a role to play
in phagocytosis of apoptotic vesicles 2°. The exact chemical constitution of oxidized PS,

however, has not yet been entirely characterized.
I’ Outer leaflet
Inner leaflet
T/
Outer leaflet
° [ ] [ ] [ ]
® L °
Inner leaflet

Membrane phospholipids Scramblase

Phosphatidylserine

Oxidized Phosphatidylserine Flippase

Figure 1.3. Membrane asymmetry of PS is essential for healthy cells. Under normal
circumstances, PS is maintained on the inner leaflet of the plasma membrane by the action of
flippases. Scramblase is known for breaking the asymmetry down upon being signaled, thus
displaying PS on the outer leaflet as a signal for apoptosis. Oxidized PS on the other hand does
not require scramblase for translocating itself to the outer leaflet, thus compromising the

asymmetric distribution, and acting as an untimely apoptotic signal.

Our understanding of the biochemistry and metabolism of ox-PLs remains limited
predominantly to that of oxidized phosphatidylcholine. Oxidative stress related diseases were
observed to elevate blood levels of oxidized phosphatidylcholine in mice *°. In other studies,
oxidative stress was observed to upregulate the expression of Platelet-activating Factor
Acetylhydrolase (PAF-AH or PLA2G?7). This enzyme, known to hydrolyse the PAF to Lyso-
PAF as means of reducing inflammatory responses, also hydrolysed oxidized

16,17,31

phosphatidylcholines . This system acts as a defence mechanism against impaired

signaling brought about by oxidized phosphatidylcholines.



I hypothesized that cells must have a mechanism to tackle oxidized PS driven untimely
apoptotic cascades. However, enzymes with a capacity to hydrolyze oxidized PS were as of
date unknown. Thus as part of my doctoral research, I set up a system to study the composition
of oxidized PS in cells under oxidative stress and performed a chemical genetic screen to fish
out lipases able to reduce the resultant elevation of oxidized PS. This research has been
elaborated on in chapter 2. We then proceeded to attribute oxidized PS lipase activity to

ABHDI12, a lipase of the serine hydrolase family, through genetic and biochemical assays.

For further understanding lipid pathways operating in macrophages, I studied the process of
phagosomal maturation during phagocytosis as my next model system, and studied the

lipidomic changes accompanying it.

Lipidomics of phagosomes

The cell membrane serves as a platform for several cell biological and biochemical processes.
While it serves as the hub for cellular signaling, it also acts as a structural scaffold for events

involving membrane modulations .

Movement of materials across the cell membrane and within the cell between organelles is vital
for maintaining cellular homeostasis 2. In addition to transport of ions and small molecules
across the membrane, the cell needs to ingest and excrete larger molecules as well 3. This
intake is brought about by a process called endocytosis, whereas the reverse is carried out by a
process called exocytosis. Endocytosis is the process of cellular ingestion, mediated by
membrane invaginations. It was first discovered in 1883 by observing motile cells in
transparent starfish larva surround and engulf small splinters that been inserted **. The process
was termed ‘phagocytosis’ or cell-eating from the Greek words ‘Phagos’ (to eat) and ‘Cyte’
(cell). Subsequently a ‘phagocyte’ a type of immune cell was found to engulf, digest and clear
bacterial particles. The process of cell-drinking was discovered a few decades later by
observing observing the uptake of surrounding media into large vesicles, and was termed as

‘pinocytosis’ from the Greek word ‘Pinean’ (to drink)**3>.

Phagocytosis is largely conserved, employed by protozoa for feeding, and by higher organisms
for homeostasis and immunity *°. Phagocytosis begins by casting the internalized particles as
membrane bound vesicles called phagosomes *°. They then undergo a strategic chain of events

which is broadly referred to as ‘phagosomal maturation’, also a well conserved intermediate

10



process in phagocytosis *’. Phagosomal maturation drives phagosomes towards the formation
of phago-lysosomes, through fusion with lysosomes, to access the lysosome’s hydrolytic

machinery for digesting and breaking the internalized particles down 7 (Figure 1.4).

Foreign particle

Engulfment

~ Early Phagosome
@ P

Phagosomal L
maturation @ ate Phagosome

2

B \
Lysosome Phagolysosome

Undigested material

Figure 1.4. The process of phagocytosis in macrophage in brief. The phagocyte engulfs a
foreign particle and casts it as a membrane bound organelle called a phagosome. This early
phagosome undergoes a sequence of well-choreographed events to mature into a late

phagosome and subsequently fuse with lysosomes to digest the engulfed particles.

The process of phagocytosis and phagosomal maturation involve extensive membrane
remodeling in terms of its proteomic and lipidomic constitution. The proteomic changes
accompanying the conversion of Early Phagosomes (EPs) into Late Phagosomes (LPs) have

been better understood than the underlying lipidomic changes in their membranes .

Global lipidomic changes during phagosomal maturation, however, have not been studied.
With this, as part of my doctoral research, I aimed at analysing the lipidomic content of

phagosomal membranes and tracking their changes from EPs to LPs.

Through these lipidomic studies I found that ceramides get enriched on maturing phagosomes.

Ceramides, like cholesterol, have been known to form lipid rafts that serve as structural

11



platforms 3. Ceramides are also known to make membranes rigid and stabilize negative

curvatures %,

Thus to explore the role of ceramides along phagosomal maturation, I studied the biochemistry
of ceramide synthase 2 (CerS2) on EPs and LPs. Robust CerS2 activity, and a pharmacological
blockade thereof, showed that phagosomal maturation depends on ceramide enrichment for

being unhindered. These studies have been elaborated on in chapter 3.

Upon further investigation, I found that the flux of ceramide is controlled not only by ceramide
synthase 2, but also by the activity of pH dependant ceramidases. These findings were
instrumental in mapping the biochemistry of sphingolipids on maturing phagosomes. This
prompted me to cast my net wider to include glucosylceramides in my lipidomic studies of EPs
and LPs. Glucosylceramides have been associated with cell proliferation, cell differention and
also with Gaucher’s disease, a lipid storage disorder ***!, however their exact function(s) has
not yet been entirely understood. Interestingly, glucosylceramides, like ceramides, were seen
to be enriched on LPs. I attributed the enrichment of glucosylceramides on LPs to the activity
of Glucosylceramide synthase through biochemical assays. Together, the studies described in
chapters 3 and 4 helped put forth a comprehensive map of sphingolipid metabolism underlying

phagosomal maturation.
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CHAPTER 11
OXIDIZED PHOSPHATIDYLSERINE
AND ITS METABOLISM IN MACROPHAGES

Adapted from: Nature Chemical Biology, 2019 ;15(2):169-178.
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Introduction

Oxidative stress is defined as an imbalance between cellular oxidants and anti-oxidants in the
favor of oxidants, leading to the disruption of homeostasis in cellular redox signaling, and is
implicated in several human pathophysiological conditions and diseases, such as
neurodegenerative diseases, autoimmune disorders, metabolic syndrome and cancers >,
Under these stress conditions, there is an excess of ROS, namely superoxide, hydrogen
peroxide and hydroxyl radicals, which cannot be detoxified by innate cellular mechanisms

responsible to cope with them #7#

. Unchecked, these ROS species cause damage and
destruction to cellular components like DNA, proteins and even lipids (Figure 1.2),which
eventually causes cell death via apoptosis or necrosis **. Lipids in the membrane provide the
cell with its first line of defense against ROS by providing an initial physical barrier to the
diffusion of these ROS into cells and subcellular compartments, and therefore constitute

primary targets for oxidative damage **%°.

Lipids are integral components of cellular membranes and energy storage in mammalian cells,
where they occur in the form of phospholipids and neutral lipids, respectively *>>°. When ROS
is generated due to oxidative stress close to the membranes, the constituent lipids, in particular
those bearing polyunsaturated fatty acid (PUFA) chains are oxidized '>!. The resulting lipid
oxidation products can disrupt the local structure and integrity of the membrane, and in turn
impair cellular functions by modulating the activity of a wide array of cellular proteins like
enzymes, receptors and ion channels >3, Such non-enzymatically oxidized lipid products also
act as signaling molecules through covalently or non-covalently binding to specific proteins or
receptors in mammalian cells °>3. Research groups in the past have focused on the oxidation
of a single PUFA (e.g. arachidonic acid) '*!, but there is little literature that describes the
global lipid profile, “lipidome”, under oxidative stress conditions >3, Also not much is
understood of the enzymatic pathways that regulate and metabolize these oxidized lipid

products in vivo.

Phosphatidylserine (PS), a phospholipid that is localized to the inner leaflet of the membrane
bilayer, has several important roles in mammalian biology >*. Important amongst these, is its
role in ROS signaling and cellular apoptotic pathways >°. Given the asymmetry of PS in the
membrane bilayer, the externalization of PS biologically reflects a cell in stress, and likely
undergoing apoptosis, and this “flipped” PS is recognized by scavenger receptors on

macrophages as an “eat me” signal, and such cells are eventually cleared by the innate immune
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system °%38, Several studies suggest that under oxidative stress, surplus ROS within cells non-
enzymatically reacts with the sn-2 esterified PUFAs of PS, to produce oxidized PS °!. It is this
oxidized PS, which is postulated to flip its membrane orientation by as of yet unknown
mechanisms, and act as an apoptotic signal >>>®, While several studies describe the production,
and role of oxidized PS in mammalian biology, virtually nothing is known physiologically of
the metabolism of oxidized PS. From a biological stand point, this metabolism would be
important to know, as several cell types require an inherent high oxygen tension, and as a
consequence have elevated ROS, that must be producing oxidized PS at a constant flux (e.g.
neurons, macrophages, cancer cells). Yet there exist innate mechanisms within such cells, most
likely enzymes (e.g. lipases),which can efficiently metabolize the oxidized PS produced at a

constant flux, and prevent apoptosis.

Through collaborations with Dr. Ravikumar Govindan and Dr. Harinath Chakrapani
(Chemistry Department, IISER-Pune), I developed a method for producing ROS in mammalian
cells, established mass spectrometry based methods to study oxidized PS in cells, and with both
of these in conjunction, performed a chemical genetic screen to find lipases(s) capable of
metabolizing oxidized PS. More colleagues then proceeded to demonstrate the serine hydrolase
ABHDI12 (o/Bhydrolase domain (ABHD) containing protein 12) to possess oxidized PS lipase

activity, through proteomic, biochemical and in vivo studies.

Materials and methods

Materials. All chemicals, buffers, and reagents were purchased from Sigma-Aldrich (now
Merck), all lipids and lipid standards were purchased from Avanti Polar Lipids Inc., and all
primary and secondary antibodies were purchased from Abcam, unless otherwise mentioned.
The mouse or human inflammatory cytokine single analyte ELISA kits from R&D Systems

were used for cytokine measurements.

Mammalian cell culture and treatment. All mammalian cell lines (HEK293T, RAW264.7,
A549, THP1, MCF7, HeLa) were purchased from ATCC, and cultured in RPMI 1640 medium
(Thermofisher Scientific) supplemented with 10% Fetal Bovine Serum (FBS) (Invitrogen) and
1x penicillin-streptomycin (MP Biomedicals) at 37°C with 5% COz. All cell lines were stained
with DAPI to ensure they were devoid of any mycoplasma contamination, before performing
any cellular assays. All cell viability studies for MGR1 and MGR2 treatments were done using
a Bio-Rad TC20 Automated Cell Counter with trypan blue reagent (Bio-Rad) as per
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manufacturers instructions. Briefly, cells were treated with varying concentrations of MGR1
(0 — 40 uM) and MGR2 (0 — 40 uM) for 4 h, and which point, the cells were detached by
trypsinization and live cells estimated as per manufacturers protocol. For lipid measurements,
2 x 10° cells were washed with sterile Dulbecco’s Phosphate Buffer Saline (DPBS) (HiMedia)
(3X) and treated with MGR1 (2 uM) or MGR2 (2 uM) or DMSO for 4 h at 37°C and 5% CO:2

in 5 mL of aforementioned media (10 cm tissue culture dish).

Imaging oxidative stress using DCF dye. All cellular DCF assays were performed on
mammalian cell lines (HEK293T, RAW264.7, AS549, HelLa) using the 2°,7’-
dichlorodihydrofluorescein diacetate (DCF) dye (10 uM, 10 mins, Thermofisher Scientific).
For imaging MGR1 mediated elevation in oxidative stress, the cells were treated with MGR1
(5 uM) or MGR2 (5 uM) or DMSO for 1 h, washed with sterile DPBS (3X), following which,
DCF dye (10 uM) was added to the cells and fluorescence was visualized under a confocal
microscope as per manufacturers instructions. To confirm that the fluorescence was indeed
seen as an effect of elevated ROS, the cells (RAW264.7, HEK293T) were pre-treated with the
antioxidants, pterostilbene5 (10 uM) or N-acetyl-cysteine6 (NAC, 1 mM) for 4 h, following
which MGR1 (5 uM) was added, and the ROS production was assessed by cellular fluorescence
microscopy using DCF dye (10 uM).

Lipid fragmentation analysis. All lipid fragmentation studies were performed by LC-MS/MS
analysis on an Agilent 6540 Ultra High Definition Accurate Mass QTOF. The LC separation
was achieved using a Gemini 5U C-18 column (Phenomenex, 5 um, 50 x 4.6 mm) coupled to
a Gemini guard column (Phenomenex, 4 x 3 mm, Phenomenex security cartridge). All PS, and
oxidized PS lipids were assessed in the negative ionization mode using: buffer A: 95:5 (vol/vol)
H20: methanol + 0.1% ammonium hydroxide; and buffer B: 60:35:5 (vol/vol) isopropanol:
methanol: H20 + 0.1% ammonium hydroxide 3°.A typical LC-run consisted of 55 mins, with
the following solvent run sequence post injection: 0.3 ml/min 0% buffer B for 5 mins, 0.5
ml/min 0% buffer B for 5 mins, 0.5 ml/min linear gradient of buffer B from 0 — 100% over 25
mins, 0.5 ml/min of 100% buffer B for 10 mins, and re-equilibration with 0.5 ml/min of 0%
buffer B for 10 mins. The (M—H)™ of the synthetic lipid standards and the m/z values of the
endogenous lipids were assessed by LC-MS/MS analysis in this study. The lipid extraction
protocol for the endogenous lipids is described in the section below. The MS1 and MS2 spectra
were acquired at 1.05 spectra/s, and the collision energy of 20 and 25 for oxidized PS and PS

were respectively used. The fragmentor and capillary voltage were set at 120 and 4000 volts
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respectively. The drying gas temperature was 380°C, the drying gas flow rate was 11 L/min,

and the nebulizer pressure was 45 psi.

Quantitative lipid measurements. The organic extraction of PS and oxidized PS species were
done with slight modifications to a previously established protocol based on the Folch lipid
extraction method %*®!. Briefly, the cells were washed with sterile DPBS (x 3 times), and
transferred into a glass vial using 1 ml sterile DPBS. 3 mL of 2:1 (vol/vol) chloroform (CHCls):
methanol (MeOH) with the lipid internal standard mix (1 nmol of each internal standard listed
in Table MS1) was added, and the mixture was vigorously vortexed. The two phases were
separated by centrifugation at 2800g for 5 mins. The organic phase (bottom) was removed, 50
uL of formic acid was added to acidify the aqueous homogenate (to enhance extraction of
phospholipids), and CHCl3 was added to make up 4 mL volume. The mixture was vortexed,
and separated using centrifugation described above. Both the organic extracts were pooled, and
dried under a stream of N2 gas. The dried organic phase containing the PS and oxidized PS
lipids was re-solubilized in 120 pL of 2:1 (vol/vol) CHCls: MeOH, and 20 pL was used for the
targeted LC-MS analysis. All the lipid species analyzed in this study were quantified using the
multiple reaction monitoring (MRM) method (see Table MS1) on an AbSciex QTrap 4500 LC-
MS/MS with a Shimadzu Exion-LC series quaternary pump. All data was collected using the
Acquisition mode of the Analyst software, and analyzed using the Quantitate mode of the same
software. All the MS based lipid estimations were performed using an electrospray ion source,
using the following MS parameters: ion source = turbo spray, collision gas = medium, curtain
gas = 20L/min, ion spray voltage = 4500V, temperature = 400°C. The LC separation, buffers
and method were the same as described earlier. A scheduled MRM program was used to
measure oxidized PS lipids only between 25 — 29 mins, and PS lipids only between 29 — 38
mins, to get better sensitivity for the quantitative lipid measurements. A detailed list of the
entire lipid species targeted in this MRM study, describing the precursor parent ion mass, the
product ion targeted, and other compound specific voltages and parameters can be found in
Table MS1. All endogenous phospholipid species were quantified by measuring the area under
the curve, relative to the respective internal standard, and normalizing to the total cellular
protein content or cell number. For oxidized PS lipid species, PS was used as an internal
standard. All the data is represented as mean =+ s. e. m. of between 4 — 8 biological replicates

per study group (Table MSI).
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Chemical genetic screen. RAW264.7 cells (1 x 10° cells) were cultured in 6-well plates in
media described earlier. The cells were treated with 10 uM of the lipase inhibitor for 4 h,
following which, the cells were washed with sterile DPBS (x 3 times), and replaced with the
same media. The cells were then treated with 5 uM of MGR1 for 4 h, following which, the
cells were washed again with sterile DPBS (x 3 times), and lipids extracted as described earlier
to perform quantitative lipid measurements. As a control for the lipase inhibitor group, DMSO
was used as a control. As a control for the MGR1 treatments, 5 uM MGR2 and DMSO were

used as controls. Each treatment group contained three biological replicates.

Statistical analysis. All statistical analyses were performed using the Prism 7 for Mac OS X
(GraphPad) software. All data are shown as mean + s. e. m. The Student’s two-tailed t-test was
used to ascertain statistically significant differences between the different study group, where

a p-value < 0.05 was considered statistically significant for this study.

Synthesis and chemical characterization of MGRI and MGR?2 were performed by Dr.
Ravikumar Govindan. Furthermore, based on the results of the chemical genetic screen, more
colleagues performed gel-based ABPP analyses, genetic studies, substrate assays, western blot
analyses and proteomic analyses and revealed ABHD 1?2 to exhibit oxidized PS lipase activity.
These methods and results have been published in ‘Nature Chemical Biology, 2019 ;15(2):169-
178.°
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Results

Elevation of intracellular ROS

Dr. Ravikumar Govindan generated a chemical probe, MGR1 — intracellular ROS generating
probe - containing a modified juglone scaffold,5-hydroxy-1,4,4a,9a-tetrahydro-1,4-
ethanoanthracene-9,10-dione (JCHD) ®, with an esterase-activated handle (Figure 2.1A) — and
an inactive structural analog MGR2 (Figure 2.1A). While MGR1 and MGR2 both are acted
upon by esterases in vitro, only MGR1 (through release of free JCHD) and not MGR2 (through
release of 1-naphthol) led to robust increase in ROS — as was confirmed by luminol (Figure

2.1B, Credits: Dr. Ravikumar Govindan) and DHE assays (data not shown).
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Figure 2.1. Characterization of a ROS-generating probe (MGR1), and an inactive control
probe (MGR2). (A) Chemical structures of the active dihydroquinone ROS generator MGRI
and the inactive 1-naphthol control compound MGR2. (B) Luminol-based chemiluminescence
assay showing robust in vitro superoxide production by MGRI but not MGR2, in the presence
of esterase. The assay was performed at 37 °C, and each time point represents the mean =+
s.e.m. in arbitrary units (a.u.) of chemiluminescence intensity from three independent

experiments. Figure Credits: Dr. Ravikumar Govindan

Following this, I tested whether MGR1 and MGR2 were active in different mammalian cells,
and if the generation of surplus ROS by MGRI affected the cellular viability of different
mammalian cells (HEK293T, A549, RAW264.7, THP1, HeLa and MCF7). In these

mammalian cells, after 4 hrs of MGR1 treatment, I found concentration dependent cell death
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with ICso values between 4-7uM, while MGR2 was well tolerated — with negligible cell death

even at 40 uM (Figure 2.2)
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Figure 2.2. Concentration dependent cell viability of different mammalian cell lines
following MGRI1 or MGR?2 treatment. Different mammalian cell lines (HEK293T, A549,
RAW264.7, THP1, HeLa and MCF7) were treated with varying concentrations of MGRI or
MGR?2 (range: 0 — 40 uM) for 4 h. After treatment the number of live cells was estimated using

a trypan blue assay (BioRad) as per manufacturers instructions. The half maximal inhibition

constant (ICso) values for MGRI and MGR?2 for each cell line are reported on the

corresponding graph. Each data point represents mean * s. e. m. for 4 biological replicates.

Data shows higher concentrations of MGR1 (> 5 uM), but not MGR2, causes cell death in the

current treatment paradigm.
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The proposed mechanism of action of MGR1 and MGR2 was that they both readily cross the
cell membrane into the cell and are acted upon by cellular esterases, thereby releasing the the

ROS generator JCHD and its structural control 1-naphthol respectively (Figure 2.3).
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Figure 2.3. Proposed mechanism for the esterase activated ROS generation by MGRI. In the
postulated mechanism, MGR1 enters the mammalian cells, where it is acted upon by cellular
esterases (serine hydrolases) ®, which cleave the metabolically labile esterase cleavable linker

producing the active ROS generator, JCHD %%, MGR?2 does lead to elevation of ROS as the

action of esterases upon it releases inactive I-naphthol.

Next, to confirm that the cell death due to MGR1 treatment in mammalian cells was due to
ROS  production, I used the established, commercially available 2°,7’-
dichlorodihydrofluorescein diacetate (DCF) cellular ROS detection dye (2 — 25 uM of MGR1
or MGR2 for 1 h, followed by 10 uM of DCF, 10 mins). I found by cellular fluorescence, that
MGR1, but not MGR2, produced significant ROS in HEK293T cells (Figure 2.4).

To establish a treatment paradigm for subsequent cellular studies, I required a concentration of
MGRI1 that would produce elevated ROS, however not enough to cause cell death. Based on
the previous results, I chose 4 h of 2 uM MGR1 or MGR?2 as treatment time and concentration

respectively for these probes for subsequent cellular studies.
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Figure 2.4. Cellular ROS levels following MGRI or MGR2 treatment in different
mammalian cell lines. Different mammalian cell lines (HEK293T, RAW264.7, A549 and
HelLa) were treated with MGRI (5 uM) or MGR2 (5 uM) or DMSO for 1 h, following which
DCF dye (10 uM) was added to the cells and fluorescence was visualized under a confocal

microscope as per manufacturers instructions. The bar on the image represents 200-um. As
seen from the cellular fluorescence microscopy images, MGRI treatment, but not MGR2 or
other control (DMSO, dye only) treatment, produces elevated levels of ROS within cells (as
seen by increased cellular fluorescence). This experiment was done in triplicate in all cell lines

with reproducible results.

Furthermore, to ascertain that the cell death and oxidative protein damage were was ROS
dependent, I pre-treated different mammalian cells for 4 hrs with the anti-oxidants,
Pterostilbene (PTS, 10 pM) % or N-acetyl-cysteine (NAC, 1 mM) %, following which I treated
the cells with 25 pM MGR1, and assessed ROS production by the DCF cellular ROS detection
assay. I found that both PTS and NAC substantially reduced the cellular ROS levels after
MGRI1 treatment by quenching excess ROS produced by MGR1 (Figure 2.5A), thereby
confirming the action of MGR1 was largely ROS mediated. The cell viability profiles also
support this idea that both antioxidants PTS, and NAC completely rescue the cell death
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phenotype caused by MGR1, further confirming that the cell death by MGRI is indeed due to
surplus ROS. (Figure 2.5B)
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Figure 2.5. Antioxidants quench MGRI1 induced ROS production in mammalian cells and
rescue cells from cell death. (A)Mammalian cells (RAW264.7, HEK293T) were pre-treated
with the antioxidants, pterostilbene ° (10 uM) or N-acetyl-cysteine ¢ (NAC, 1 mM) for 4 h,
following which MGRI (5 uM) was added, and the ROS production was assessed by cellular
fluorescence microscopy using DCF dye (10 uM) treatment as per manufacturers instructions.
The bar on the image represents 200-um. The antioxidants, pterostilbene and NAC quench
heightened ROS produced by MGRI, and as a result do not produce a fluorescence signal.
This experiment was done in triplicates with reproducible results. (B)Mammalian cells
(RAW264.7, HEK293T) were pre-treated with the antioxidants, Pterostilbene6 (PTS, 10 uM)
or N-acetyl-cysteine7 (NAC, 1 mM) for 4 h, following which varying MGRI1 (0 — 40 uM, 4 h)
was added, and the cell viability was estimated using a Trypan Blue assay (BioRad) as per
manufacturers instructions. From the cell viability profiles, it is clear that both antioxidants
PTS, and NAC completely rescue the cell death phenotype caused by MGRI, confirming that
the cell death by MGRI is indeed due to elevated ROS.
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Lastly, I compared the ROS levels produced by MGR1 with other known xenobiotics or ROS
donors. As seen from cellular fluorescence, MGR1 treatment led to the highest elevation in
levels of ROS as compared to JCHD, oxidized JCHD, Cisplatin, Artemisinin, Paraquat (1 mM),
Menadione and H202 (1 mM). (Figure 2.6)

Figure 2.6. Cellular ROS levels following MGRI or MGR2 treatment in different
mammalian cell lines. Different mammalian cell lines (4549, HelLa and RAW264.7) were
treated with MGR1 or MGR2 or DMSO or xenobiotics or known ROS donors for 1 h, following
which DCF dye (10 uM) was added to the cells and fluorescence was visualized under a
microscope as per manufacturers instructions. The bar on the image represents 200-um. As
seen from the cellular fluorescence microscopy images, MGRI treatment, but not MGR2 or
other control (DMSO, dye only) treatment, produces elevated levels of ROS within cells (as
seen by increased cellular fluorescence). This experiment was done in triplicate in all cell lines
with reproducible results. The numbers denote treatment with (1) DMSO, (2) MGRI, (3)
MGR2, (4) JCHD, (5) oxidized JCHD, (6) Cisplatin, (7) Artemisinin, (8) Paraquat (1 mM), (9)
Menadione, (10) H202 (I mM), (11) DPBS, (12) dye only.
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Detection of oxidized PS in mammalian cells undergoing oxidative stress

The ultimate goal of the project was primarily to understand the regulation of oxidized PS in
mammalian cells under oxidative stress given its biological importance in programmed cell

death °,

Therefore, to establish a LC-MS/MS protocol, my colleagues chemically oxidized C18:0/18:1
PS (1-stearoyl-2-oleoyl-sn-glycero-3-phospho-L-serine), and measured the native and oxidized
C18:0/18:1 PS. These peaks were found to be at m/z= 788.5 for [M-H] and, 804.5 and 806.6
that correspond to the addition of +16 (O) and +18 (H20) through oxidation. A closer look at
the MS/MS fragmentation patterns for both these masses, i.€.804.5 and 806.6, suggested that
mass additions of +16 (m/z = 297.2) and +18.1 (m/z = 299.3), were present on the sn-2
esterified oleic acid of C18:0/18:1 PS, most likely across the double bond of oleic acid possibly
forming a stable epoxide and hydroxide across the double bond respectively (Fig. 2a). The +16
and +18 mass additions were termed as ox- and hy- by us for the PS species showing these

modifications.

To determine, whether MGR1 was capable of generating these oxidized PS species in
mammalian cells, I treated HEK293T, RAW264.7, THP1, HeLa, MCF7 and A549 cells with 2
uM MGR1 or 2 uM MGR2 or DMSO for 4 h, and extracted the phospholipids at the end of the

treatment using a modified Folch lipid extraction protocol ¢’

. All the treatment groups showed
the presence of m/z = 788.5, however, m/z = 804.5 and 806.6, were found enriched only in the

MGRI1 treatment group by LC-MS analysis.

I found that the MS/MS fragmentation spectra for the endogenous C18:0/18:1 PS and the
oxidized PS masses exactly matched the synthetic standards. Notably, all the three masses
showed peaks at the parent m/z minus 87, corresponding to the loss of neutral serine, m/z =
437.3, corresponding to 1-stearoyl-2-hydroxy-sn-glycero-3-phosphate, m/z = 419.3,
corresponding to 1-stearoyl-2-hydroxy-sn-glycero-3-phosphate minus H2O, m/z = 283.3
corresponding to stearic acid minus H, and m/z = 153.0, corresponding to glycerophosphate
minus H2O (Figure 2.7A). M/z = 297.2 and 299.3 were also detected in the MS/MS
fragmentation spectra of endogenous 804.5, and 806.6 masses respectively, confirming the
formation of +16 and +18.1 oxygenated adducts that correspond to epoxy phosphatidylserine
(ox-PS) and hydroxyl phosphatidylserine (hy-PS). The ox-18:0/18:1 PS, and hy-18:0/18:1 PS
standards have been described in Figure 2.7A.
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Based on the MS/MS fragmentation spectra, a targeted multiple reaction monitoring (MRM)
based LC-MS/MS method was developed to confirm and quantitate the findings across PS
lipids esterified with different fatty acids (Table MS1). This method was first validated by
measuring levels of ox-18:0/18:1 PS, and hy-18:0/18:1 PS in phospholipid extracts from
HEK293T cells treated with MGR1 or MGR2 or DMSO (2 uM, 4 h). MGRI treated cells had
significantly elevated levels of both 0x-18:0/18:1 PS and hy-18:0/18:1 PS compared to MGR2
or DMSO treated cells (Figure 2.7C). Next, different ox- and hy-PS species were measured
after MGR1 and MGR?2 treatments. In HEK293T cells, several ox- and hy-PS species were
found to be significantly elevated upon MGR1, but not MGR2 or DMSO treatment (Figure
2.7D).

Different mammalian cells (RAW264.7, THP1, HeLa, MCF7, and A549) treated with MGR 1
and MGR?2 treatment also showed elevated levels of oxidized PS lipids following treatment
with MGR1 and not MGR2. (Figure 2.8). We also measured PS lipids in these experiments,
and found no changes in their cellular levels following MGR1 or MGR2 treatment (Table
MS1). Similar results that oxidized PS levels (both ox- and hy- species) were elevated
following MGR1, but not MGR?2 treatment, were observed in RAW264.7, THP1, HeLa, MCF7
and A549 mammalian cell lines,with no significant change in cellular PS levels (Figure 2.8 and
2.9, Table MS1). In all these cell lines, we did not observe any secreted oxidized PS lipids,
under our experimental conditions and detection methods, presumably suggesting that these

oxidized PS lipids, are not secreted from cells.

From this, it was seen that upon MGR1 treatment, there was no change in the bulk levels of the
phospholipids, however 1-2% of PS got oxidized by the MGR1 mediated elevation in ROS.
(Figures 2.8 and 2.9)

26



>
ve)

— C18:1lyso-PS
- PS 18:0/18:1
= — ox-180/181PS 55 4
o — hy-18:0/18:1 PS i
-
7885 5’
N = (IM = 87]: loss of serine) £ 12
£ T 7015 S
@ e 2 32.3
] [0}
g 3 ¢ *% k=
> - g 4193 ®
8 | « &5 | 206 29 |78
S 1530 2813 4373 ]
© - 1 o
< | | 4
o
©
2 e ) 0.0 .
“ﬁ PS 18:0/18:1 standard (m/z = 788.5) 20 22 24 26 28 30 32 34 36
) MS/MS endogenous m/z = 788.5 Time (mins)
o : T T y
100 300 500 700 900
5 C 0x-18:0/18:1 PS hy-18:0/18:1 PS
3 109 —
— DMSO DMSO
N s 2 2
= (IM —87); loss of )
. i s X2 X
3 ol g g
) 13 *k e 2
> e 2 4193 ‘g % 0.5
g 3 3 ° ®
© 28339 = 1 S
° * KKk ] [}
5 153.0 A2 4373 © ©
g | ‘ | | 1 @« ©
® ' N ’ ‘ ' '
2
k<t
&’ 0x-18:0/18:1 PS standard (m/z = 804.5) 04 0.0{
MS/MS endogenous m/z = 804.5 26 28 30 25 27 29
r ) Time (mins) Time (mins)
100 300 500 700 900
D W DMSO
= 201 W MGR2
@ B MGR1
<4
N a P 2 15
E F * ([M - 87); loss of serine) g)
g c @ 719.5 =
? 3 3 °
o ¢ 3 - E 10
> $ 2 4193 =~
2 g w
8 25‘?3 8 .
c * P ohew o 5
S 1530 ‘ 4373 @
S ik | | . . S
2 e L 5
2 | hy-18:0118:1 PS stand d (m/z = 806.8) 0 N ™  © N N > * O
= hy-18: 2 standard (m/z = X A D D < A @ D % <
% MS/MS endogenous m/z = 806.6 0\.& Q\‘19 Q\"l«Q Q\‘{)’ Q\’s’ Q\'& 0\"’IrQ 0\"I/Q Q\'{«1’
@ 100 300 500 700 900 R 0T QT T O QT 0T R R
- » F & &F F & S
*miz = 153.0 m/z=4193 \P//
o_ P 0. 7

\_f V\MN\N\/Y o
. $
HO. o/ 0 OQP/OP_*

!
0

\/\/\/\/\/\/\/\/\’ro\/EOH
*EH

miz=437.3 o

Figure 2.7. Characterization and quantification of oxidized PS produced in mammalian cells
by MGRI treatment.(A) MS/MS fragmentation patterns for the synthetic lipids standards (red
trace) for C18:0/18:1 PS, epoxy- or ox-18:0/18:1 PS and hydroxy- or hy-18:0/18:1 PS, and
the corresponding endogenous phospholipid metabolites (black trace) of m/z 788.5, 804.5 and
806.6 fromHEK293T cells treated with 2 uM MGRI, 4 h. The daughter ions common to all
masses from the MS/MS analysis include 153.0 (dehydro-glycerophosphate), 283.3 (stearate),
419.3 (dehydro-1-stearoyl-lysophosphatidic acid), and 437.3 (I-stearoyl-lysophosphotidic
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acid), and the parent m/z — 87 peak denoting loss of serine. The key daughter ions
distinguishing the three species (denoted in red text) are 281.3 (oleate for m/z = 788.5), 297.2
(oleate + 16 amu for m/z = 804.5), and 299.3 (oleate + 18 amu for m/z = 806.6). This MS/MS
fragmentation study was done in triplicate with reproducible results. (B) The LC-MS elution
profile for the synthetic lipids standards for C18:1 lyso-PS, C18:0/18:1 PS, ox-18:0/18:1 PS
and hy-18:0/18:1 PS, showing the increased hydrophilicity of both ox-18:0/18:1 PS and hy-
18:0/18:1 PS, compared to the parent C18:0/18:1 PS lipid. The LC elution profiles were done
in duplicates with reproducible results. (C) LC-MS/MS traces (MRM traces) for ox-18:0/18:1
PS (m/z = 804.5) and hy-18:0/18:1 PS (m/z = 806.6) extracted from HEK293T cells treated 4
h with MGRI1 (2 uM) or MGR2 (2 uM) or DMSO, showing robust increases for both ox-
18:0/18:1 PS and hy-18:0/18:1 PS, following MGRI treatment. This experiment was done in
triplicates with reproducible results. (D) Targeted LC-MS based multiple reaction monitoring
(MRM) measurements of oxidized PS lipid species from HEK293T cells treated 4 h with MGR1
(2 uM) or MGR2 (2 uM) or DMSO. Data represents mean % s. e. m. for 5 biological replicates
per group. Student’s t-test: *** p < 0.001 versus DMSO group. See Table MS1 for complete
list of quantified lipids.
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Figure 2.8. Oxidized PS content of mammalian cells treated with MGR1 or MGR?2. Different
mammalian cells (RAW264.7, THP1, HeLa, MCF7, and A549) were treated with MGRI (2 uM)
or MGR2 (2 uM) or DMSO for 4 h and changes in the cellular oxidized PS lipids were
measured by targeted multiple reaction monitoring (MRM) LC-MS. All lipid quantitation are
reported Table MS1. Data represents mean £ s. e. m. for 5 biological replicates per group.
Student’s t-test: ** p < 0.01, *** p < 0.001 versus DMSO treated cells.
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Figure 2.9. Phospholipid content of mammalian cells treated with MGRI or MGR2.
Different mammalian cells (HEK293T, RAW264.7, THPI1, HeLa, MCF7, and A549) were
treated with MGRI1 (2 uM) or MGR2 (2 uM) or DMSO for 4 h and changes in the cellular
phospholipids were measured by targeted multiple reaction monitoring (MRM) LC-MS. The
treatments do not change the bulk levels of cellular phospholipids. All lipid quantitation are
reported Table MS1. Data represents mean £ s. e. m. for 5 biological replicates per group.
Student’s t-test: ** p < 0.01, *** p < 0.001 versus DMSO treated cells.
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Chemical genetic screen to identify lipases metabolizing oxidized PS.

Having established a robust LC-MS/MS method to quantitatively measure different oxidized
PS lipids in mammalian cells, we decided to develop a screen to identify enzyme(s) that
metabolize these lipids. At the onset, we hypothesized that a lipase would be responsible for
such an activity, and since several lipases belong to the metabolic serine hydrolase class of

enzymes %6

, we needed a cell line that expressed of many serine hydrolase enzymes and had
high lipid content. Previous studies and publicly available databases ’°, have shown that the
RAW264.7 cell line fulfills these criteria, and was chosen as a candidate mammalian cell line
for developing the screen. We collated a highly focused library of 57chemical compounds (or
probes), which ranged from highly specific to very broad-spectrum lipase and/or serine
hydrolase inhibitors (Table MS1) %%, We treated RAW264.7 cells with inhibitor (10 pM, 4 h)
followed by treatment with MGR1 (5 uM, 4 h), following which we extracted phospholipids
from cells, and analyzed the oxidized PS content by targeted LC-MS/MS (Figure 2.10). As
negative controls, MGR2 and DMSO were used in this screen. The rationale was that the lipase
inhibitor(s) would block these enzyme(s) from metabolizing oxidized PS, which are produced
as a result of MGRI1 treatment, and as a consequence cause their accumulation in cells

compared to screening controls, and such inhibitor(s) would be classified as “hits” in our screen

(Figure 2.10).

We set a 2-fold increase cut off in oxidized PS level as a threshold for identifying hits, and
found from our chemical genetic screen that most inhibitors had virtually no effect on the levels
of oxidized PS, and were comparable to the DMSO control group post MGRI treatment.
However, 3 compounds, namely fluorophosphonate-alkyne (FP-alkyne), tetrahydrolipstatin
(THL, also known as orlistat) and methyl arachidonyl fluorophosphonate (MAFP), showed
greater than 2-fold increase in the levels of oxidized PS following MGR1 treatment compared
to the DMSO control (Figure 2.10, Data given in Table 1). Both FP-alkyne and MAFP are
broad-spectrum lipase (or serine hydrolase) inhibitors, and widely used chemical probes for
enriching (or inhibiting) serine hydrolase enzyme activities respectively %, further suggesting
that the lipase of interest was likely a serine hydrolase enzyme(s). Since both FP-alkyne and
MAFP have wide range of enzyme targets, we focused on THL, as previous studies have shown
this B-lactone inhibitor potently inhibits a handful of enzymes (mostly lipases) from the serine

hydrolase family 7',
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Figure 2.10. Chemical-genetic screen to identify hit compounds for oxidized PS lipases in
mammalian cells. a, Relative oxidized PS levels from RAW264.7 cells from a highly focused
chemical—genetic screen of 57 known lipase inhibitors. Data represent levels relative to those
of the DMSO group of MGRI-treated controls. Each group represents mean * s.e.m. for 3
independent experiments. A twofold increase in oxidized PS was set as a threshold to identify

hits in this screen.

To determine possible targets of THL specifically in RAW264.7 cells, my colleagues employed
competitive activity based protein profiling (ABPP) assays, since there are no studies available
for this in RAW264.7 cells to our knowledge. Nonetheless, they over-expressed all the
enzymes that were targets of THL (ABHD6, ABHD12, ABHD16A, HSL, DAGLJ, PLA2G7,
PNPLAG6, and PNPLA7) in HEK293T cells, and tested these lysates for substrate hydrolysis
activity against lyso-PS, oxidized PS and PS. It was found that ABHD12 was by-far the best
candidate, with an at least 3-fold better hydrolysis rate for oxidized PS than any other enzyme
tested in this experiment (Data not shown). As expected, ABHD12 also had good activity
)

against lyso-PS, but not PS (Data not shown) >, suggesting that this enzyme can use both lyso-

PS and oxidized PS as substrates in vitro with near equal efficiencies.
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Discussion

The oxidation of PS due to elevated ROS is linked to its transmembrane migration and presence
on the exofacial membrane surface *7? (Figure 5.1, Chapter 5), where oxidized PS
externalization generates an ‘eat me’ signal enabling recognition by phagocytes *2. An elegant
study has shown that apoptotic cells are indeed cleared by macrophages, through specific
recognition of externalized oxidized PS by a B-type scavenger receptor >. Additionally, the
cellular protein annexin-V binds externalized oxidized PS, and several kits for this protein—
lipid interaction are available to quantitatively measure apoptotic cells. Whereas PS oxidation
and its role in apoptosis are well understood, little is known regarding the enzymatic pathways
that metabolize oxidized PS in vivo. In this study, we sought to identify an enzyme capable of
metabolizing oxidized PS in mammalian cells. To this end, I used a chemical probe capable of
robustly generating ROS in mammalian cells, thus enabling us to mimic oxidative stress
(Figure 2.1). Next, I developed an LC-MS/MS method to identify and quantify oxidized PS in
mammalian cells, and detected two oxidized PS species, termed ox-PS and hy-PS, in different
mammalian cells in response to oxidative stress (Figure 2.7 and 2.8). I performed a chemical—
genetic screen to pick out a handful of target proteins with potential oxidized PS lipase activity
(Figure 2.10), from which my colleagues then identified ABHD12 as an enzyme capable of

metabolizing oxidized PS in mammalian cells.

Together, we provide compelling biochemical, pharmacological and genetic evidence
suggesting that ABHD12 is a major lipase capable of hydrolyzing oxidized PS. ABHD12 is of
tremendous biomedical interest because it is associated with the human neurodegenerative
disease PHARC, which is caused by null mutations to ABHD12 3**°, ABHD12 is annotated as
a lyso-PS lipase in the mammalian brain and immune system %7737 QOur studies together
suggest a dual role for ABHD12, in which it regulates cellular oxidized PS and secreted
lyso-PS, independently or simultaneously. The active site of ABHDI12 is extracellularly

oriented 67747

,which led to the belief that it can access the oxidized PS, generated by elevated
cellular ROS, and translocated to the outer leaflet of the plasma membrane (Figure 5.1, chapter

5).

Finally, recent functional studies have shown that other metabolic serine hydrolases are
regulators of other oxidized phospholipids in vivo %76, I believe that the tools and methods
described here might offer an elegant strategy for functionally annotating serine hydrolases

(lipases) involved in the biochemistry of oxidized lipids. The emerging functional annotation
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of orphan serine hydrolases might implicate their roles in regulating oxidized lipids from other
lipid classes (for example, neutral lipids or sterols) and, in doing so, add to our understanding
of the biochemistry and thereby the cellular implications of oxidized lipids under oxidative
stress. In addition, developing new tools that enable visualization of oxidized PS in vivo would
be beneficial in understanding the spatiotemporal distribution and regulation of these lipids in
diverse biological settings. Because the protein ligands and/or receptors for oxidized PS are
largely unknown, finding and understanding downstream biological signaling pathways by

61,77

using emerging chemoproteomics platforms would advance the lipid-signaling field and

provide new insights into programmed cell death.

Conclusion

I report here, a successful protocol developed for generating intracellular ROS that consistently
oxidized cellular phospholipids thereby giving rise to oxidized PS within cells. This was
achieved by using a Juglone cyclohexadi-ene based ROS donor MGR1. While the levels of
ROS were visualized using a redox-sensitive dichlorodihydrofluorescein diacetate (DCF)
based dye and, oxidized PS species were detected and quantified with the help of mass

spectrometry based lipidomic analyses.

Elevation of ROS, and thereby oxidized PS in RAW264.7 was found to be reproducible and
was used as a foundation for performing a chemical genetic screen using a library of serine
hydrolase inhibitors, to fish for lipases capable of hydrolyzing oxidized PS. I determined a few
candidate lipases of which, my colleagues then proceeded to identify ABHDI2 to have
oxidized PS lipase activity along with its reported lysoPS lipase activity.

The strategy described here can be effectively used for studying the metabolism of other

oxidized lipid species.
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CHAPTER 111
ROLE OF CERAMIDE SYNTHASE 2
IN PHAGOSOMAL MATURATION

Adapted with permission from: ACS Chemical Biology, 2018; 13 (8), pp 22802287
https://pubs.acs.org/doi/10.1021/acschembio.8b00438
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Introduction

Phagocytosis, in mammals, is the process of internalization of solid particles (pathogens or
cellular debris) > 500 nm by immune cells, predominantly macrophages. Over the last century,
this universally conserved process has been extensively studied and shown to be a critical
component of both the innate and adaptive mammalian immune system®® .Once internalized,
these particles acquire membranes from the cellular plasma membrane and undergo a
choreographed sequence of events broadly referred to as “phagosomal maturation” culminating
in fusion of the phagosomes with lysosomes. During maturation, the phagosomal lumen
decreases in pH from 7 to 4.5 from an early phagosome (EP) to finally fuse with lysosome
(phago-lysosome) via a late phagosome (LP) intermediate on the maturation pathway 37787,
During this transformation, the maturing phagosome changes profoundly in its protein and lipid

composition via interactions and functional crosstalk with the endocytic pathway and inputs

from the trans-Golgi-network.

Over the past two decades, several elegant proteomics studies have shown the role of specific
proteins in the maturation process, and these in turn have served as unique markers for the
different stages in the phagosomal maturation process*®. For example, the GTPase Rab5 and
early endosome antigen 1 (EEA1) localize to the EP, and drive the EP to mature into a LP. The
GTPase Rab7 and lysosomal associated membrane protein 1 (LAMP1) are found enriched on
LPs, and are critical for the formation of the phago-lysosome. Further studies in characterizing
these proteins have shown that the process of phagosomal maturation is spatio-temporally
regulated and highly interdependent *°. For instance, the acquisition of Rab5 onto the EP is a
prerequisite for recruiting Rab7 in order to proceed with maturation process. The localization
of EPs is mostly peripheral while that of LPs is towards the peri-nuclear region of the cell,
where the lysosomes reside . Though the initial engulfment of a foreign particle mostly
involves remodeling of actin cytoskeleton, phagosome maturation requires transport of the
phagosome on the microtubule cytoskeleton. While there exist several global proteomics
studies that describe the role of different proteins during phagosomal maturation, there are only
a handful of studies reported that describe the lipid profiles of maturing phagosomes, and these
too, only describe a specific lipid class, and the global lipid profile ®'. One such study describes
the role and enrichment of different phosphoinositides at different stages of phagosomal

maturation 2.
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Free cholesterol was found to be enriched on the LP membrane, where it forms lipid raft
domains, moreover, deregulated cholesterol metabolism leads to impairment in phagosomal
maturation 3-8 The motor protein dynein was shown to be enriched and clustered on these
cholesterol richlipid microdomains on LPs, which in turn efficiently facilitates the uni-
directional motion of LPs towards the lysosome **. As a corollary to the aforementioned work,
here, my colleagues and I set out to quantitatively determine the lipid composition of EPs and
LPs. We show by biochemical assays, fatty acid feeding and cellular pharmacological studies
that the enzyme ceramide synthase controls the flux of ceramides during phagosomal
maturation, and leads to a very pronounced increase of long-chain ceramides on LPs. This
increase, we believe, is universally conserved because it is replicated in both mammalian cells
(RAW264.7 macrophages) and in an early eukaryote (Dictyostelium discoideum). Finally,
pharmacological blockade of ceramide synthase hampers the process of phagosomal

maturation, suggesting an important role for this enzyme in the orchestration of phagocytosis.

Materials and methods
Materials. All chemicals, buffers, solvents and reagents were purchased from Sigma-Aldrich
unless otherwise mentioned. All MS quantitation lipid standards were purchased from Avanti

Polar Lipids Inc. unless otherwise mentioned.

Phagosome preparations from RAW264.7 cells. The RAW264.7 mouse macrophage cell line
(ATCC)wascultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (HiMedia) with 10%
(v/v) Fetal Bovine Serum (FBS) (Thermofisher Scientific) and 1% (v/v) Penicillin-
Streptomycin (MP Biomedicals) at 37°C and 5% (v/v) CO2. 10 x 10 cm culture dishes
(Eppendorf) were used for phagosomal preparations using a previously established protocol *.
Briefly, 300 uL of 1-pum silica beads were washed with DMEM (x 3 times), pelleted by
centrifugation at 500g for 5 mins after each wash, and finally resuspended in 1 mL serum free
DMEM. This solution was vortexed, sonicated for 5 mins and added to 30 mL serum free
DMEM pre-warmed to 37°C. 3 mL of this solution was added to a 10 cm culture dish containing
RAW264.7 cells at 80% confluency. The cells were subsequently kept at 4°C for 5 mins to
synchronize the uptake of beads. Post-synchronization, the bead pulse was 15 mins for EP or
LP preparations. The unphagocytosed beads were removed by washing the cells with sterile
Phosphate Buffer Saline (PBS) (x 3 times). For EP preparations, cells were harvested at this

stage and transferred to a sterile 50 mL tube, while for LP preparations, the cells were cultured
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for 4 h in DMEM with 10% (v/v) FBS at 37°C. Upon desired bead maturation, the cells were
washed with sterile PBS (x 3 times), harvested by scraping, and transferred into sterile 50 mL
tubes. The harvested cells are washed again sterile PBS (x 2 times), and pelleted by spinning
at 500g for 5 mins after each wash. The cells were then wash with 25 mL of lysis buffer (250
mM sucrose, 3 mM imidazole, pH 7.4) followed by pelleting by centrifugation at 500g for 5
mins. Post-washing the cells were resuspended in 1 mL of lysis buffer containing protease
inhibitor cocktail (Roche), 3 mM dithiothreitol (DTT) and 10 pgmL-! pepstatin A. This cell
suspension was lysed using a cell cracker with a 10um clearance (Isobiotec) by 10 passages
through the syringes. This cellular lysate was overlaid on a sucrose step gradient with 5 mL
each of 85% (w/v) sucrose and 60% (w/v) sucrose with 3 mM imidazole. The gradient was
centrifuged at 100,000g at 4°C for 1 h. The bead pellet was separated from the cellular debris
and resuspended in 200 pLL TNE buffer (50 mM Tris, 140 mM NaCl, 5 mM EDTA, pH 7.4)

and stored at —20°C before processing for lipid extraction.

Cellular feeding and pharmacological inhibition. For the C17:1 FFA feeding experiment, the
RAW264.7 cells in 10 cm culture dish at 80% confluence, were fedwith 1 mM C17:1 FFA for
4 h prior to starting the aforementioned phagosomal preparations. For CerS2 inhibition studies,
5 uM fumonisin was added after the initial bead phagocytosis, post-synchronization, and the

phagosomal preparations were performed as described above.

Lipid extraction and targeted lipid profiling. The phagosomal lipid extractions were performed
using a previously described protocol ¢67%  Briefly, the phagosomal preparations were
washed with sterile Dulbecco’s PBS (DPBS) (3 times), and transferred into a glass vial using
1 mL DPBS. 3 mL of 2:1 (v/v) chloroform (CHCI3): methanol (MeOH) with the internal
standard mix (50 pmol of each internal standard listed in Table MS1) was added, and the
mixture was vortexed. The two phases were separated by centrifugation at 2800g for 5 mins.
The organic phase (bottom) was removed, 50 puL of formic acid was added to acidify the
aqueous homogenate, and CHCI3 was added to make up 4 mL volume. The mixture was
vortexed, and separated by centrifugation at 2800g for 5 mins. Both the organic extracts were
pooled, and dried under a stream of N2. The lipidome was solubilized in 200 pL of 2:1 (v/v)
CHCIl3: MeOH, and 20 pL was used for the lipidomics analysis. All the lipid species analyzed
in this study were quantified using the multiple reaction monitoring high resolution (MRM-
HR) scanning method (Table MS1) on a Sciex X500R QTOFmass spectrometer (MS) fitted
with an Exion-LC series UHPLC. All data was acquiredand analyzed using the SciexOS
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software. The LC separation was achieved using a Gemini SU C18 column (Phenomenex, 5
um, 50 x 4.6 mm) coupled to a Gemini guard column (Phenomenex, 4 x 3 mm). The LC
solvents were: positive mode: buffer A: 95:5 (v/v) H20: MeOH + 0.1% formic acid + 10 mM
ammonium formate; and buffer B: 60:35:5 (v/v) isopropanol (IPA): MeOH: H20 + 0.1% (v/v)
formic acid + 10 mM ammonium formate; negative mode: buffer A: 95:5 (v/v) H20: MeOH +
0.1% (v/v) NH4OH; and buffer B: 60:35:5 (v/v) IPA: MeOH: H20 + 0.1% (v/v) NH4OH. All
the lipid estimations were performed using an electrospray ion source (ESI), using the
following MS parameters: turbo spray ion source, medium collision gas, curtain gas =20 Lmin"
!, ion spray voltage = 4500V (positive mode) or 5500V (negative mode), at 400°C. A typical
LC-run was 55 mins, with the following solvent run sequence post injection: 0.3 mL min™! 0%
B for 5 mins, 0.5 mL min"' 0% B for 5 mins, 0.5 mL min'linear gradient of B from 0-100%
over 25 mins, 0.5 mL min"! of 100% B for 10 mins, and re-equilibration with 0.5 mL min"'of
0% B for 10 mins. A detailed list of all the species targeted in this MRM-HR study, describing
the precursor parent ion mass and adduct, the product ion targeted, and MS voltage parameters
can be found in Table MS1. All the endogenous lipid species were quantified by measuring the
area under the curve in comparison to the respective internal standard, and then normalizing to
the total protein content of the phagosomal preparation. All the lipidomics data is represented

as mean + s. e. m. of 4 (or more) biological replicates per group (Table MS1).

Western blot analysis. All western blots were done using established protocols 8% with the
following primary antibodies (rabbit): anti-CerS2 (1:1000, Sigma-Aldrich, HPA027262), or
anti-EEA-1 (1:2000, Cell Signaling Technology, 2411S) or anti-LAMP1 (1:2000, Abcam,
ab24170) or anti-Rab7 (1:2000, Abcam, ab137029). The goat anti-rabbit IgG (H+L) HRP
conjugated (1:10,000, Abcam, ab6789) was used a secondary antibody (1 h, 25°C), following
which the protein signal was visualized using the SuperSignal West Pico Plus
Chemiluminescent substrate (Thermofisher Scientific) on a Syngene G-Box Chemi-XRQ gel

documentation system.

Ceramide synthase substrate assays. The substrate assay was adapted from a previously
described protocol albeit with a different substrate *’. Briefly, 50 uM behenoyl-coenzyme A
(C22:0-CoA) and 20 uM sphingosine were mixed by sonication and incubated at 37°C with
shaking at 750 rpm for 5 mins, following which 10 pg of proteome was added to final volume
of 100 uL in DPBS, and the mixture was incubated at 37°C with shaking at 750 rpm for 30
mins. The reaction was quenched by addition of 250 pL of 2:1 CHCls: MeOH containing 50
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pmol N-25:0-ceramide internal standard, and the mixture was vigorously vortexed. The two
phases were separated by centrifugation at 2800g for 5 mins, and the organic phase (bottom)
was removed. The organic extracts were dried under a stream of N2, and solubilized in 100 pL
of 2:1 (v/v) CHCl3:MeOH. The LC-MS protocol was similar to a previously established
protocol . All MS analysis was performed using an ESI in the positive ion mode for ceramide
formation. All MS parameters are described in Table MS1. Measuring the area under the peak,
and normalizing it to the internal standard quantified the product formed for the ceramide
synthase assays. The enzymatic rate was corrected by subtracting the non-enzymatic rate of
hydrolysis, which was obtained by using heatdenatured proteome as a control. All the data is

represented as mean =+ s. e. m. of at least 3 biological replicates.

Statistical analysis. All data presented in as mean + s.e.m. of 3 (or more) biological replicates
per group for substrate assays, and as mean + s.e.m. of at least 4 (or more) biological replicates
per group for lipidomics experiments. Statistical analysis was performed using GraphPad Prism
7 (Mac OS X), and the Student’s t-test (two-tailed) of this software was used to
calculatestatistical significance between the different study groups. A P-value of < 0.05 was

considered statistically significant in this study.

Results

Lipidomic characterization of maturing phagosomes.

To comparatively analyze the lipid profiles, herein referred to as the lipidome of EP and LP, I
first extracted lipids from EPs and LPs and established a LC-MS/MS based method to
exhaustively analyze >400 unique lipid species from 22 lipid classes in tandem (Figure 3.1A,
Table MS1) 23678689 These lipid classes broadly encompassed neutral lipids, phospholipids
and their lyso-versions, sterols and their esters, and sphingolipids 234%:67:868%90  Epg and LPs
were prepared and purified using established protocols from the mammalian RAW264.7
macrophages, and their purity was assessed to ensure these EP and LP preparations were devoid
of any cellular membrane contamination (e.g. ER membrane, Golgi membrane),by previously
established western blot analysis 883, As reported earlier, quantitative lipidomics recapitulated
a > 3-fold increase in cholesterol on LPs compared to EPs, giving further confidence in our
phagosomal preparations (Figure 3.1B, Table MS1) % Interestingly, I found that ceramides

were highly enriched on LPs, and this enrichment was the most profound for very long chain
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(VLC) fatty acid chain (> C22) containing ceramide species (Figure 3.1C, Table MS1).
Additionally, there was a concomitant decrease in the level of sphingosine (Figure 3.1D, Table
MS1),and VLC fatty acid bearing phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) phospholipids (Figure 3.1E, Table MS1). Surprisingly, two free polyunsaturated fatty
acids (PUFAs) namely arachidonic acid (C20:4), and docasahexenoic acid (C22:6) were
enriched on LPs, with a concomitant decrease in the concentrations of PUFA containing PC
and PE lipids on LPs (Table MS1). Besides these lipids, no other major lipid class was found
to change significantly between the EP and LP groups Table MS1).

A

ve]
(@]

. MmEP

o
o
o

»
o
o

Sphingosine 1-phosphate (S1P) 2

Triacylglycerol 15 *%

Cholesterol 25
Sphingosine E .

w
o
o
*
*
*

Ceramide

N
o
o

Sphingomyelin
Free fatty acid

Cholesterol (nmol/mg protein)
=)
o

Ceramide (pmol/mg protein)
4

Monoacyliglycerol
Cholesterol ester 0

Ceramide 1-phosphate
Phosphatidylicholine (PC)
Phosphatidylethanolamine (PE)
Phosphatidic acid (PA)
Phosphatidylglycerol (PG)
Phosphatidylserine (PS)
Phosphatidylinositol (PI)

O

m
2
%,
%,
2,
.

2

*k
Diacylglycerol

Lyso-PC
Lyso-PE 00
Lyso-PA log2

Lyso-PG %
Lyso-PS 0

-1
Lyso-PI -2

Figure 3.1. Lipidomic characterization of EPs and LPs derived from RAW264.7 mouse
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macrophages. (A) Heat map plot showing the different lipid classes assessed by comparative
LC-MS/MS analysis for EPs and LPs from RAW264.7 mouse macrophages. The heat map plot
represents an average of fold changes (LP/EP) on a log 2 scale for different lipids from a
particular lipid class. Blue and red color changes show enrichment of a particular lipid class
on EP and LP respectively. Data represent six biological replicates per group. See Supporting
Information Table 1 for complete data sets. Concentration of (B) cholesterol, (C) ceramides,
(D) sphingosine, and (E) very long chain (VLC) containing phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) phospholipids from EPs and LPs. **P < 0.01, ***P < 0.001
for LP group versus EP group by Student's t test.
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As a control, to assess whether the changes in ceramides were EP and LP specific, and not a
cellular event during phagosomal maturation, I measured ceramide levels in RAW264.7
macrophages at 0.5 and 4 h post feeding of beads, and compared these concentrations to “no
bead” treated RAW264.7 macrophages. I found no change in the concentration of cellular
ceramides in this experiment, suggesting that ceramide changes from the last experiment were

indeed EP and LP specific (Figure 3.2).
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Figure 3.2. Cellular concentration of ceramides and CerS2 following bead phagocytosis
from RAW?264.7 cells. As a control experiment to determine whether (4) cellular ceramides
and (B) cellular CerS2 were altered in RAW264.7 cells when fed with beads, and
concentrations of ceramides and CerS2 were measured by LC-MS/MS and western blot
analysis respectively at 0.5 and 4 h post bead feeding (which represent time points of EP and
LP maturation respectively). Based on these data, both these cellular levels are unaltered,
suggesting that changes in ceramides and CerS2 are indeed EP and LP specific. The data in
panel (A) represents mean £s. e. m. for 4 biological replicates, while the data in panel (B) was

performed in duplicate with reproducible resullts.
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Since phagocytosis is an evolutionary conserved immune process, Dr. Divya Pathak, with Dr.
Roop Mallik, performed similar quantitative lipidomics experiments using Dictyostelium
discoideum, a primitive eukaryote. The phytosterols (stigmasterol and sitosterol, as
Dictyostelium discoideum does not have any cholesterol), and VLC fatty acid containing
ceramides were found most enriched on LPs, while the sphingolipid precursors (sphingosine
and sphinganine), and VLC fatty acid containing PCs were found enriched on EPs, reflecting

the lipidomics findings in phagosomes from RAW264.7 macrophages. (Data not shown)

Given the striking increase in VLC fatty acid containing ceramides and a concomitant decrease
in sphingosine and VLC containing phospholipids (PC, PE) on LPs in both RAW264.7
macrophages and Dictyostelium discoideum cells, we hypothesized that an enzyme capable of
biosynthesizing ceramides from sphingosine and phospholipid-derived fatty acid precursors
was likely causing ceramide accumulation on the phagosome membrane during their
maturation. Based on the lipidomics data, we also postulated that this enzyme has a preference

for biosynthesizing VLC fatty acid containing ceramides.

Role of ceramide synthase 2 in phagocytosis.

Mammals have an integral membrane enzyme, ceramide synthase (CerS), that biosynthesizes
ceramides from sphingosine and fatty acyl-coenzyme A (CoA) (Figure 3.3A). There are six
isoforms of ceramide synthase (CerS1-6) in mammals, with different tissue distributions and

91

fatty acyl-CoA substrate preferences Both large-scale gene expression studies

(http://biogps.org/) " (Figure 3.3B) and literature precedence support CerS2 being the major

ceramide synthase in RAW264.7 macrophages °> but its detection at a protein level and

enzymatic activity in RAW264.7 macrophages remains lacking.

Interestingly, biochemical characterization of recombinant CerS2 has shown that this enzyme
prefers VLC fatty acyl-CoA as substrates, to form VLC fatty acid containing ceramides **. This
CerS2 substrate profile matches our lipidomic profile, where I see the highest enrichment for
VLC containing ceramide species on LPs (e.g. C22:0, C24:0 ceramides) (Figure 3.1C, Table
MS1). To test whether CerS2 was indeed the dominant ceramide synthase in RAW264.7 cells,
I performed ceramide synthase activity assays on membrane lysates of RAW264.7 cells using
fumonisin B1 (referred as fumonisin), a fungal natural product, which is a potent inhibitor of

CerS2 4%, In these assays, we found that the membrane lysates of RAW264.7 cells had robust
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ceramide synthase activity that was potently inhibited by fumonisin treatment (5 M, 30 mins)
(Figure 3.3C). I also confirmed by western blot analysis that CerS2 is indeed expressed
abundantly in the membrane lysates of RAW264.7 cells (Figure 3.3D).
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Figure 3.3. Identification of CerS2 as major ceramide synthase in RAW264.7 mouse
macrophages. (A) The reaction catalyzed by ceramide synthase. (B) Expression profile for
different ceramide synthase isoforms in RAW264.7 mouse macrophages. The mRNA levels of
ceramide synthase isoforms 1 — 6 in mammalian RAW264.7 cells relative to GAPDH from

public large-scale gene expression studies (http.//biogps.org/) . The mRNA expression data

suggests that CerS2 is the major ceramide synthase in RAW264.7 mouse macrophages3, with
probably some contribution from CerS6. (C) Ceramide synthase in vitro activity assays on
membrane lysates from RAW264.7 mouse macrophages treated with fumonisin (5 uM, 30 min)
or DMSO, showing robust inhibition of ceramide synthase activity following fumonisin
treatment. As a control, denatured membrane proteomes were used. Data represent mean +
SEM for three biological replicates per group. (D) Western blot analysis confirming abundant
expression of CerS2 in RAW264.7 membrane lysates. As a positive control, membrane lysates
from HEK293T were used. A total of 40 ug of lysate was loaded for all samples in this analysis,
and actin was used as a loading control. The Western blot analysis was performed on five

biological replicates with reproducible results.
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Having established CerS2 as the major ceramide synthase in RAW264.7 cells, I wanted to
assess whether this enzyme is present on EPs and LPs, as maturing phagosomes acquire their
membranes predominantly from cellular components that they interact with during their

journey towards lysosomes (e.g. plasma membrane, ER membrane) 8.

Towards this, EPs and LPs were assessed for CerS2 content by western blot analysis. Very
interestingly and contrary to our initial expectations, I found that EPs had significantly more
CerS2 than LPs (~ 3-fold) (Figure 3.4A). Consistent with the enriched CerS2 on EPs, I found
that the ceramide synthase activity was ~ 3 fold higher on EPs, compared to LPs (Figure 3.4B).
As a control, I measured the cellular levels of CerS2 in RAW264.7cells, during this treatment,
and found no changes in CerS2 cellular levels, suggesting that the change in CerS2 level was

EP and LP specific (Figure 3.4C).
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Figure 3.4. Characterization of CerS2 activity during phagosomal maturation. (A1) Western
blot analysis confirming the enrichment of CerS2 on EPs. As controls, EEAI and LAMPI1 were
used to assess the purity of EP and LP preparations, respectively. In each case, 25 ug of lysate
was loaded for all samples in this analysis, and actin was used as a loading control. The
Western blot analysis was performed on eight biological replicates with reproducible results.
(B) Ceramide synthase in vitro activity assay on EPs and LPs from RAW264.7 mouse
macrophages, showing heightened ceramide synthase activity on EPs. (C) A control
experiment to determine whether cellular CerS2 were altered in RAW264.7 cells when fed with
beads, and concentrations of ceramides and CerS2 were measured by LC-MS/MS and western
blot analysis respectively at 0.5 and 4 h post bead feeding (which represent time points of EP
and LP maturation respectively). Based on these data, both these cellular levels are unaltered,
suggesting that changes in ceramides and CerS2 are indeed EP and LP specific. The data in
panel (A)and (B) represents mean = s. e. m. for 4 biological replicates, while the data in panel

(C) was performed in duplicate with reproducible results.
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Figure 3.5. Incorporation of C17:1 FFA into cellular lipids. (4) Concentrations of C17:1-
containing storage lipids, namely triglycerides (TAG), phosphatidylcholines (PC),
phosphatidylethanolamines (PE) and co-enzyme A (Co-A) from RAW264.7 mouse
macrophages, following feeding varied concentrations of C17:1 FFA (0 — 5 mM, 4 h). Data
shows that the C17:1 FFA is predominantly incorporated into cellular PC and PE lipids. Data
represents mean £ s. e. m. for 4 biological replicates per group. Since there was no significant
change beyond feeding 1 mM C17:1 FFA, hence this concentration was chosen for the feeding
experiments. (B) Levels of C17:1 containing ceramide on EPs and LPs, following feeding of
RAW264.7 mouse macrophages with 1 mM C17:1 FFA (4 h, 37 °C). Data represent mean +
SEM for five biological replicates. ***P < 0.001 for LP group versus EP group by Student’s t
test. (C) Phospholipid concentrations of EPs and LPs following C17:1 FFA feeding to
RAW264.7 mouse macrophages. Quantitative lipidomics measurements of Cl17:1-containing

PC and PE lipids showing changes in absolute levels between EPs and LPs groups. Data
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represents mean £ s. e. m. for 4 biological replicates. * P < 0.05 by Student’s t-test for EP
versus LP preparations. See Supplementary Table 1 for complete dataset.

Next, [ fed RAW264.7 cells with the unnatural long chain fatty acid, heptadecenoic acid (C17:1
FFA, 1 mM, 4 h), and found that the C17:1 FFA was mostly incorporated into cellular PC and
PE pools in accordance with previously studies (Figure 3.5A) °’. I then prepared EPs and LPs
by feeding silica beads to cells containing C17:1- PC and PE from C17:1 FFA feeding. The
lipids from the EPs and LPs derived from this experiments were enriched using previously
described methods ®:67#¢ and these lipids were subjected them to quantitative lipidomics,
looking specifically for C17:1 containing lipids from different lipid classes (Table MS1).
Consistent with previous lipidomics studies (Figure 3.1C), I found that the levels of C17:1-
ceramide were significantly elevated on LPs (Figure 3.5B), and there was a concomitant

decrease in levels of C17:1-containing PC and PE lipids on LPs (Table MS1, Figure 3.5C).

These results corroborate earlier lipidomics data (Figure 3.1C, E) and seem to suggest that PC
and PE class of phospholipids on EPs likely serve as the fatty acid donor for the generation of
fatty acyl-CoA that is eventually converted to ceramide by the N-acylation action of CerS2.
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Figure 3.6. Pharmacological blockade of CerS2 by fumonisin in RAW264.7 mouse
macrophages. Ceramide concentrations of RAW264.7 cells following treatment with fumonisin
(1 or 5 uM) or DMSO (control) for 4 h. Data represent mean £ s. e. m. for 4 biological
replicates per group. * P < 0.05 and ** P < (.01 by Student’s t-test for treatment groups versus
DMSO control.
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Effects of pharmacological blockadeof CerS2 on phagocytosis.

To validate whether fumonisin was pharmacologically active, and to verify the effects of
inhibition of CerS2 in RAW264.7 cells, first, I treated RAW?264.7 cells in situ with fumonisin
(1 or 5 uM, 4 h). I found that following fumonisin treatment, ceramide formation was potently
inhibited (Figure 3.6), without the cells getting activated or undergoing apoptosis (data not

shown).

Next, I tested whether pharmacologically disrupting CerS2 had any effect on phagosomal
ceramide content. Towards this, we allowed RAW264.7 cells to phagocytose silica beads for
15 mins so as to generate EPs. I then treated cells in situ with DMSO (LP-DMSO) or 5 uM
fumonisin (LP-fumonisin) for 4 h, and harvested LPs at the end of this treatment using
established protocols ®. Lipids were extracted from each these phagosomal preparations, and
subjected them to LC-MS/MS lipidomic analysis looking specifically at the concentration of
phagosomal sphingolipids (Table MS1). [ was able to recapitulate changes between the EP and
LP-DMSO pools as seen previously, where VLC fatty acid containing ceramides and
sphingosine increased and decreased respectively on phagosomes from the LP-DMSO group

compared to the EP group (Figure 3.7).
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Figure 3.7. Lipidomics of Pharmacological blockade of CerS2 hampering phagosomal
maturation. Concentration of ceramides and sphingosine on LPs from RAW264.7 mouse
macrophages following fumonisin treatment (LP-fumonisin, 5 uM, 4 h, 37 °C). As controls, EP
and LP (LP-DMSO) were used. Data represent mean = SEM for four biological replicates per
group. **P < 0.01, ***P < 0.001 for experimental groups (LP-fumonisin and LP-DMSO)
versus EP group by Student’s t test.

48



Thus far, no other sphingolipid changed in our study, suggesting that CerS2 is likely the major
enzyme controlling the flux of sphingolipid metabolism during phagosomal maturation.
Corroborating this, I found that the sphingolipid profiles for the phagosomes from the LP-

fumonisin group, looked near identical to those from the EP group (Figure 3.7).

Having shown that pharmacologically inhibiting CerS2 by fumonisin treatment leads to the
impairment of phagosomal ceramide synthesis, we wanted to determine whether this lipid
profile change had any functional effect on phagosomal maturation. Towards this, Dr. Divya
Pathak looked at the levels of CerS2, and known EP and LP markers, to determine, whether
the pharmacological blockade of CerS2, indeed has any effect on phagosomal maturation. We
found by western blot analysis, as seen previously, that CerS2 levels are lower on LPs (LP-
DMSO group) than EPs, and the phagosomes from the LP-fumonisin group havenear EP levels
of CerS2 (Figure 3.8). We also find that the EP protein marker, EEA1 is enriched on the
phagosomal preparations from the EP group, and the LP-fumonisin group, but not on the LP-
DMSO group (Figure 4B). Finally, we find that the LP protein markers, LAMP1 and Rab7, are
enriched on the LPs (LP-DMSO group), but not on EPs. Interestingly, we find that the
phagosomes from the LP-fumonisin group have significantly lesser amounts of both LAMP1
and Rab7 compared to the LP-DMSO group (Figure 3.8). Taken together, these results suggest
that the pharmacological blockade of CerS2, results in partial blockade or delay in phagosomal

maturation.
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Figure 3.8. Phagosomal markers post pharmacological blockade of CerS2. Western blot
analysis confirming a defect in phagosomal maturation following inhibition of CerS2. In each
case for each group, 30 ug of lysate was loaded for all samples in this analysis, and actin was
also used as a loading control. The Western blot analysis was performed in triplicate with

reproducible results. Credits: Dr. Divya Pathak
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Discussion

These findings taken together provide compelling evidence that mature phagosomes (LPs) are
enriched with ceramides, especially VLC fatty acid containing ceramides, which are
biosynthesized from sphingosine and fatty acyl-CoA by the action of CerS2, a major ceramide

synthase, in mammalian macrophages (Figure 3.1, Figure 3.3).

I show that the pharmacological blockade of CerS2 results in depleting VLC fatty acid
containing ceramide levels on LPs, thereby hampering phagosomal maturation, thus
confirming the importance of CerS2 in the process. Interestingly and quite paradoxically, EPs
have greater amounts and heightened activity of CerS2. The increased activity of CerS2 on EPs
earlier appeared as an anticipatory mechanism for producing ceramides that eventually
enriched on LPs. This suggests that, the regulation of ceramide on EPs/ LPs observed here
seems to constitute a previously unknown biochemical pathway with respect to phagosomal
maturation. Thus along with CerS2, there appears to be an involvement of other enzymes from
the sphingolipid pathway partaking in the direct regulation of ceramide flux. (Further studied

in the next chapter)

Additionally, from our data we speculate that the fatty acyl-CoA substrate for CerS2 is likely
synthesized from PC and PE phospholipid present on EPs by unknown mechanisms (Figure
3.1C, E, Table MS1, Figure3.4, Figure 3.5 B, C).

Phagosomes accumulate cholesterol as they mature, possibly making their membranes more
rigid, and making their transport within cells to lysosomes efficient *®. In vitro studies from
others, suggest that ceramide is critical for stabilizing lipid rafts, and making ordered rigid
membrane microdomains *°. Our current data along with studies from others suggests, that the
increased ceramide on LPs is likely functioning to generate ordered lipid microdomains on
maturing phagosomes, thus enabling the recruitment of appropriate proteins during the
phagosome maturation process. Additionally, we believe that the membrane-associated dynein
motors that drive phagosome transport towards lysosomes, may be able to generate force
efficiently and in a more directed manner if the underlying sphingolipid (ceramide) rich

membrane is rigid and more organized 3.
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Projecting forward, the discovery of ceramide and CerS2 as a new player in phagosomal
maturation suggests that an as-of-yet unknown sphingolipid metabolism pathway exists in

mammalian phagosomal maturation (Figure 3.9).

Phagosomal maturation

»
Lipid pathway 1: Formation of ceramides

Unknown Fatty Acyl-CoA Transferase
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Figure 3.9. Schematic representation of putative lipid pathways in phagosomal maturation.
As phagosomes mature, their ceramide content increases due to the activity of CerS2, which is
found enriched on EPs. Two other cryptic activities are postulated in this scheme based on our
lipidomics results. The first, an unknown fatty acyl-CoA transferase, which converts PC and/or
PE to generate fatty acyl-CoA, which is eventually converted to ceramide, by the N-acylation
activity of CerS2. The second is a PUFA-specific phospholipase activity, which converts PUFA
containing PC and/or PE lipids into free PUFAs that are found enriched on LPs.

Unlike mammals, Dictyostelium discoideum possess only a single isoform of ceramide
synthase, crs4, which shares ~30% sequence homology to the mammalian ceramide synthase

isoforms with 100% conservation in the active site Lag!P motif (Figure 3.10) 871,

Our lipidomics studies on EPs and LPs (Figure 3.1, Table MS1) suggest that this evolutionary
conserved enzyme might serve as a nodal point for heightened ceramide levels on LPs, and
might in turn, be regulating phagosomal maturation even in primitive eukaryotes. We speculate
that this sphingolipid pathway has another unannotated enzyme in mammals and primitive
eukaryotes, a putative fatty acyl-CoA transferase that generates fatty acyl-CoA from PC and/or
PE lipids (Figure 3.9). Additionally, our lipidomics data also suggests that there exists a
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phospholipase, which prefers PUFA containing PC and/or PE phospholipids as substrates, and
produces free PUFAs, that are found enriched on LPs (Figure 3.9, Table MS1). The discovery
of these enzymes would certainly help in a greater understanding of phagosomal maturation,
and provide new insights into the spatio-temporal regulation, cellular pathways crosstalk and

interdependence of this very important immune response.
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Figure 3.10. Sequence alignment of mammalian (mouse) ceramide synthase isoforms (CerS
1 — 6) with ceramide synthase from Dictyostelium discoideum (CrsA, Q54887). The residues
highlighted in green represent the invariant catalytically important residues, while the residues

underlined in red constitute the highly conserved LaglP motif of ceramide synthase enzymes

87,91

Our findings open up several new questions such as the origin and mechanism of CerS2
localization on phagosomes, the effect of ceramide on lipid microdomains and resultant
transport of phagosomes inside cells, and the possible synergistic requirement of cholesterol

and ceramide (and other sphingolipids) for assembly of lipid rafts on a phagosome *3.

For the aforementioned study, I had not included glucosylceramides, the simplest
glycosphingolipids. While the other sphingolipid classes remain unchanged, levels of
glucosylceramides were seen to change during the process of maturation, the lipidomics and

biochemistry of which have been described in the next chapter (chapter 4). Since they are
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directly synthesized from ceramides, I performed further biochemical studies on ceramides and

their metabolism which also have been described in chapter 4.

Conclusion

Global lipidomics analysis of maturaing phagosomes revealed that ceramides, along with
cholesterol, get enriched on LPs. This increase of ceramide pools is brought about by the
activity of CerS2, the pharmacological inhibition of which delayed phagosomal maturation.
Interestingly, CerS2 accumulation and activity was observed to be higher on EPs than LPs.
This seemingly counterintuitive finding has been clarified through further research on ceramide

biochemistry in chapter 4.
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CHAPTER IV
MAPPING SPHINGOLIPID METABOLISM
IN PHAGOSOMAL MATURATION

54



Introduction

Phagocytosis is an evolutionarily conserved immunological process, where solid particles >
500 nm are engulfed by a class of cells called phagocytes *+*637#1 In mammals (including
humans), these phagocytes, typically macrophages or immune cells from the monocyte lineage,
leverage the process of phagocytosis as a means of clearing detrimental solid particles (e.g.
microbial and/or viral pathogens, or apoptotic cells) and are essential innate immune cells for
fighting invading infections and/or clearing damaged cells to prevent tissue (organ) and/or
systemic damage 63119 The detrimental solid particles that are engulfed and internalized by
phagocytes are then enclosed tightly in membrane bound vesicles called phagosomes, and are
subsequently transported to the lysosome for eventual degradation®®. During phagocytosis,
these phagosomes undergo a well-orchestrated sequence of events that are spatiotemporally
regulated, whereby they “mature” from a nascent phagosome (also called early phagosome
(EP)) to a late phagosome (LP) 337787 This LP then fuses with the lysosomal membrane to
form the phagolysosome, and thus marks the end of the transport of the solid particles from the
extracellular environment to the lysosome for degradation and/or detoxification ***’. During
this maturation process, both the protein and lipid composition of the phagosomes change
significantly through transient interactions with various sub-cellular components and their

» 101102 404

membranes. This process is popularly known now as the “kiss and run mechanism
these protein and lipid changes are thought to be critical in directing the maturing phagosome

from the cellular periphery to the lysosome.

Several exhaustive shotgun proteomics studies have investigated the changes in the global
protein content of phagosomes during the maturation process, and these have resulted in
establishing protein markers that are hallmarks of various stages of maturation 9319, For
example, the EP is enriched with Rab5 (a small GTPase from the Rab family) and the early
endosome antigen 1 (EEA1), that together initiate the membrane formation for the engulfment
of the foreign solid particle, while the LP is enriched with the GTPase Rab7 and the lysosomal
associated membrane proteins 1 (LAMP1), both of which, are essential in directing the LP to
the lysosome and facilitating its fusion to form the phagolysosome '°>7'%7. Interestingly,
concomitant to the aforementioned protein changes, during maturation, the luminal pH within
the phagosomes, progressively decreases from neutral (~ 7 — 7.5) to acidic (~ 4.5 — 5), and this
drop in pH is thought to be mediated by the recruitment of vacuolar ATPases (vATPases) on
LPs ™. Contrary to the exhaustive proteomics studies, surprisingly, lipidomics studies have

until recently been limited to only a single lipid class'®. For example, it has been shown that
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cholesterol is significantly enriched on LPs, and that physiologically, this accumulation of
cholesterol is necessary to form stable lipid rafts that recruit dynein motors, which generate
sufficient intracellular forces in facilitating the unidirectional motion of the ageing phagosomes

(LPs) towards the lysosome *°.

An exhaustive comparative mass spectrometry based lipidomics analysis between EPs and LPs
(described in chapter 3) revealed that along with cholesterol, certain sphingolipids also
displayed differential enrichments on phagosomes across different stages of maturation '%°.
Specifically, we found that ceramides, particularly those bearing very-long chain (VLC) lipids,
were massively elevated on LPs, with a concomitant decrease in precursor sphingosine
concentrations '% . Upon further biochemical characterization of this sphingolipid pathway,
we found that the enzyme ceramide synthase 2 (CerS2) **!'% was responsible for orchestrating
the enrichment of ceramides, specifically VLC lipid containing ceramides, on LPs.
Interestingly, the pharmacological inhibition of CerS2 greatly reduced ceramide levels on LPs,
and delayed the process of phagosomal maturation '%°. Given their complementary structure to
cholesterol, ceramides are also thought to stabilize lipid rafts *°, and possibly make such lipid

(micro)domains rigid enough for the efficient recruitment of important protein factors (e.g.

GTPases, motor proteins), necessary to promote phagosomal maturation.

Ceramides are the central lynchpin in mammalian sphingolipid metabolism that flux reversibly
into various modified sphingolipid species like the sphingomyelins, ceramide phosphates, and
glucosylceramides by the action of dedicated biosynthetic and degradative enzymes '''!!7
(Figure 4.1). Having shown the differential enrichment and importance of ceramides,
particularly VLC lipid containing ceramides, during phagosomal maturation, and it’s possible
implications and/or involvement in the stabilization of lipid rafts, we were interested in
quantitatively assessing the full complement of sphingolipids present on EPs and LPs, and
mapping the possible biochemical (enzymatic) activities that might be contributing to the
accumulation of different sphingolipids during various stages of phagocytosis. To address this,
in this study, we show using biochemical enzymatic assays, that the ceramidase activity during
phagosomal maturation also contributes significantly towards the accumulation of ceramides
on LPs. Further using lipidomics measurements, we show that de novo ceramide biosynthesis
contributes little to the flux of ceramides during phagocytosis, while glucosylceramides
significantly increase on LPs. We validate this finding using biochemical assays, and show that
heightened glucosylceramide synthase activity on LPs contributes to this sphingolipid change

during phagocytosis. Our findings taken together provide a comprehensive picture of
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sphingolipid metabolism during phagocytosis and establish new sphingolipid pathways that are

likely to be important for phagosomal maturation and pathogen clearance.
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Figure 4.1. Schematic representation of the ceramide metabolism in mammalian cells. (SM

= Sphingomyelin, DHC = Dihydroceramide, Cer-1-P = Ceramide 1-Phosphate)

Materials and methods

Materials. All chemicals, buffers, solvents, and reagents were purchased from Sigma-Aldrich,
all tissue culture supplies were purchased from HiMedia, and all lipids and lipid standards were
purchased from Avanti Polar Lipids. 1-um silica microspheres (beads) were purchased from
Polysciences (Cat. 24326-15) Preparation of phagosomes from RAW264.7 mouse
macrophages. RAW264.7 macrophages were purchased from ATCC, and cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) (HiMedia) containing 10% (v/v) Fetal Bovine
Serum (FBS) (HiMedia) and 1% (v/v) Penicillin- Streptomycin (MP Biomedicals) at 37°C and
5% (v/v) CO2. For a single phagosomal preparation (biological replicate) for either EP or LP,
10 x 15 cm tissue culture plates (HiMedia) with RAW264.7 macrophages at 80% confluency

were used, using standard protocols previously described earlier 8319 .

Lipid extraction and LC-MS based targeted lipidomics. The lipid extractions from EPs or LPs
were performed using a protocol reported earlier !%°. All the sphingolipid species described in
this study were quantified by liquid chromatography coupled to mass spectrometry (LC-MS)
using the established high-resolution multiple reaction monitoring (MRM-HR) method on a
Sciex X500R QTOF mass spectrometer (MS) fitted with an Exion UHPLC system. All data
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was collected and analysed using the SciexOS software. The LC separation, chromatographic
solvents and MS parameters were identical to those reported by us previously 02118119,
A detailed list of all the sphingolipid species described by us in this MRM study, along with
their precursor parent ion mass, the product ion mass and other MS parameters can be found in
Table MS1. All the sphingolipid species were quantified by measuring the area under the curve
relative to the respective quantitative internal standard, and then normalizing this ratio to the
total protein content for the specific phagosomal preparation. All the lipidomics data for

sphingolipids is represented as mean £ SEM from 3 (or more) biological replicates per

experimental group or biological replicate.

Biochemical enzyme assays. To measure the specific activities of the putative enzymes
involved in sphingolipid metabolism, purified EPs or LPs were washed twice with phosphate
buffered saline (PBS) and re-suspended in 0.2 M sucrose solution to yield a final protein
concentration of 1 mg/mL. The biochemical assays were performed at pH 4.5 and pH 7, by
using sodium acetate buffer and PBS respectively. Heat denatured proteomes of EPs and LPs
and substrate-only reactions (only substrate, no phagosomal proteome added) were used as
controls for all biochemical enzymatic assays to account for the non-enzymatic rate of
reactions. All enzymatic assays were performed in a final volume of 100 pL at 37 °C with
constant shaking, using 25 ug of EP or LP proteome, and quenched at the desired time point
by adding 500 pl of LC-MS grade methanol. The ceramidase assay was performed as described

in literature '*°

at pH 4.5 and pH 7 using C18:1 ceramide as a substrate at a final concentration
of 20 uM, with an assay time of 3 hours. The concentration of sphingosine released from C18:1
ceramide in this LC-MS based ceramidase assay was obtained by measuring the area under the
curve for sphingosine relative to an unnatural internal standard of sphingosine (C17:1
sphingosine, 100 pmol) used in the assay, by an established MRM-HR based LC-MS protocol
previously reported by usl. The specific rate of the ceramidase activity was obtained by
normalizing the concentration of sphingosine released from C18:1 ceramide to the assay time
and the amount of protein used. The glucosylceramidase assay was performed as described in

literature '*!

at pH 4.5 and pH 7 using C17:0 glucosylceramide as a substrate at a final
concentration of 20 puM, with an assay time of 2 hours. The concentration of C17:0
glucosylceramide consumed in this LC-MS based glucosylceramidase assay was obtained by
measuring the area under the curve for C17:0 glucosylceramide in the enzymatic assay relative
to the controls (heat denatured proteomes and substrate only reaction) used in the assay, by an

established MRM-HR based LC-MS protocol described in this study (see Table MS1). The
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specific rate of the glucosylceramidase activity was obtained by normalizing the consumed
C17:0 glucosylceramide concentration to the assay time and the amount of protein used. The
glucosylceramide synthase assay was performed as described in literature '**> at pH 4.5 and pH
7 using C18:1 ceramide and UDP-glucose as substrates at a final concentrations of 100 and
250 uM respectively, with an assay time of 2 hours. The concentration of the producti.e. C18:1
glucosylceramide formed from the substrates in this LC-MS based glucosylceramide synthase
assay was obtained by measuring the area under the curve of C18:1 glucosylceramide relative
to an unnatural internal standard of sphingosine (C17:0 glucosylceramide, 100 pmol) used in
the assay, by an established MRM-HR based LC-MS protocol described in this study (see Table
MS1). The specific rate of the glucosylceramide synthase activity was obtained by normalizing
the concentration of C18:1 glucosylceramide produced from the substrates to the assay time
and the amount of protein used. To prevent ceramide degradation in this glucosylceramide
synthase assay, the ceramidase inhibitor Ceranib-2 was added to the buffers at a final
concentration of 2 uM. Additionally, 500 mM MgCl2, 500 mM MnCI2 and 1 M EDTA were

also added to the assay as cofactors (and/or adjuvants) for UDP-glucose.

Targeted proteomics. Using established protocols reported by us %123, 50 ug of EP or LP
proteome was denatured, reductively alkylated and digested to yield peptides using MS grade
trypsin (Promega). The peptides were subsequently cleaned using STAGE tip protocol 2%, and
subjected to LC-MS analysis on a TripleTOF 6600 mass spectrometer (Sciex) fitted with an
Eksigent nanoLC 425 (Sciex). The LC separation columns, chromatographic solvents,
gradients and MS parameters were identical to those reported by us previously ''®!12%, For a
developing targeted proteomics platform for quantitatively assessing the candidate enzymes
involved in sphingolipid metabolism, we decided to use the LC-MS based MRM-HR analysis,
and the target peptide sequences of candidate enzymes involved in sphingolipid metabolism
were selected based on theoretical peptide predictions by using Skyline '?° and other publicly
available data repositories (e.g. NCBI), taking into account several selection criteria that have
been previously reported for such type of targeted LC-MS based assays '2¢"1?% | In general, the
full tryptic peptides without any missed cleavages, ranging from 8 — 25 amino acids in length
were shortlisted, and post-translational or artificial static modifications were excluded, while
developing the targeted LC-MS based MRM-HR assays. Peptide detectability of candidate
enzymes involved in sphingolipid metabolism was searched across several databases including
SRMAtlas and PeptideAtlas, and other publicly available online repositories of identified
peptides that have been previously observed in LC-MS analyses 713!, A final list of all the
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peptides for the candidate enzymes involved in sphingolipid metabolism quantitatively
assessed in this study, describing the precursor parent ion mass and the product ion targeted

can be found in Table MS2.

Data plotting and statistical analysis. All data in this study was plotted and statistically
analysed using the Prism 9 (version 9.1.0) software for MacOS (GraphPad). All chemical
structures were made using the ChemDraw 19.0 software (Perkin Elmer). The Student’s two-
tailed unpaired parametric t-test was used to determine the statistical significance between

various experimental groups, and a p-value < 0.05 was considered significant in this study.

Results

Early phagosomes have higher ceramidase activity.

I have previously shown that the ceramide synthase activity (Figure 4.2A) is higher on EPs,
but unexpectedly, ceramide concentrations are significantly lower on EPs compared to LPs %,
This was at the time, attributed by us, to an anticipatory function of CerS2, where ceramides,
(particularly VLC containing ceramides) are biosynthesized on EPs, but are eventually found
on LPs. Following up on this finding, we also decided to investigate whether counter to the
CerS2 (ceramide synthesis) activity, there exists any ceramidase (ceramide degradation)
activity (Figure 4.2A) and if so, how does this ceramidase activity change as a function of

phagosomal maturation. In mammals, there are three types of ceramidases '3!3

, namely the
acid ceramidase (ASAHI1), the neutral ceramidase (ASAH2), and the alkaline ceramidase
(ACERI1-3), whose activity, as their names suggest, is pH dependent. Since previous studies
on phagosomal maturation, have shown that luminal pH of EPs and LPs is neutral and acidic
respectively, I decided to perform the ceramidase assays at neutral and acidic pH. For the EP,
I found that the specific ceramidase activity at neutral pH (31.9 + 2.4 pmol/mg/min) was
significantly higher (~ 6-fold) than that observed at an acidic pH (5.2 £ 1.2 pmol/mg/min),
while for the LP, the specific ceramidase activities at both neutral (10.0 + 1.0 pmol/mg/min)
and acidic pH (7.9 = 1.7 pmol/mg/min) were comparable (Figure 4.2B). Given their luminal
pH values based on available literature, I found that specific ceramidase activity for EP at a
neutral pH was significantly higher (~ 4-fold) than that of the LP at an acidic pH (Figure 4.2B,
2C). On a similar note, I also assessed the ceramide synthase arising from CerS2 on EPs and

LPs, and found consistent with our previous studies'®”, that EP had significantly higher (~ 2.5-
fold) ceramide synthase activity than LPs (Figure 4.2C). Interestingly, I found that the relative
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to LPs, EPs had relatively higher ceramidase activity (~ 4-fold) compared to the CerS2
mediated ceramide synthase activity (~ 2.5-fold) (Figure 4.2C).
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Figure 4.2. The ceramidase activity during phagosomal maturation. (A) The biochemical
reaction catalyzed by the enzymes ceramide synthase and ceramidase. (B) The specific
ceramidase activity of EPs and LPs at neutral (pH 7) and acidic (pH 4.5) conditions. (C)
Relative levels of ceramide synthase (from CerS2) and ceramidase activities on EP versus LP.
For (B) and (C), the bar plots represent data as mean + standard deviation from three
biological replicates per experimental group. ***p < 0.001 by Student’s t-test for the two

groups compared.

In a quest to find whether ASAH1 and/or ASAH2 were differentially present on EPs and LPs,
I screened several commercially antibodies for both enzymes, and unfortunately, found that
none of them were selective enough to robustly report on the abundance of either protein.
Hence, I decided to investigate the levels of ASAH1 and ASAH2 on EP and LP by a targeted
proteomics approach using tryptic peptide preparations previously reported earlier 18123134,
From this LC-MS based proteomics experiment, I found that consistent with its luminal pH, as
expected, relative to a control protein (B-actin) '%°, LPs had significantly more ASAH1, while
EPs had increased levels of ASAH2 (Figure 4.3). Finally, I also screened for both the alkaline
ceramidase activity at pH 10, and the enzymes associated with this activity i.e. ACER1-3, and
was unable to detect either in my assays. Taken together, from all these assays, the results show
that while both the EP and LP possess ceramidase activity, this enzymatic activity, particularly

the neutral ceramidase activity compared to LPs, is significantly higher on EPs.
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Figure 4.3. Relative protein levels of the ceramidases ASAH1 and ASAH2 on EP versus LP
as determined by targeted proteomics relative to the control protein. The bar plots represent
data as mean + standard deviation from three biological replicates per experimental group,
where the grey bars represent data from EP preparations, while the red bars represent data

from LP preparations.

Dihydroceramide levels remain unchanged during phagosomal maturation. In mammals,
ceramide is biosynthesized from dihydroceramide (DHC) by the action of the enzyme DHC
saturase '!'213%136 (Figure 4.1), and I wanted to determine if this de novo biosynthetic pathway
contributes to the increased ceramide levels that we observe on LPs. I had not measured this
sphingolipid class in earlier investigations, and using reported LCMS based MRM methods, I
quantified DHCs on EPs and LPs. From this LC-MS based lipidomics experiment, I found that
I could reliably measure several DHC species, and that there was no notable change in their
concentrations on EPs and LPs (Figure 4.4). These results therefore suggest that phagosomes
likely obtain DHC from various cellular membranes that they make contacts with during the
maturation process, and that de novo biosynthesis of ceramide is not a major pathway that

contributes to increased ceramide concentration on LPs.
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deviation from three biological replicates per experimental group.

Late phagosomes have higher levels of glucosylceramides.

As described earlier, during the metabolism of sphingolipids, ceramides flux into
sphingomyelins, ceramide 1-phosphate and glucosylceramides by the action of dedicated
enzymes "7 (Figure 4.1). Previously, I have measured levels of sphingomyelins and
ceramide 1-phosphates on EP and LP preparations, finding no significant differences in the
concentrations of sphingomyelins or ceramide 1-phosphates between EPs and LPs '*.
However, I had not measured the levels of glucosylceramides during phagosomal maturation,
and given the increased ceramides on ageing phagosomes, I was interested in measuring
glucosylceramides on EPs and LPs. I first decided to generate a MS/MS fragmentation map for
the commercially available unnatural C17:0 glucosylceramide (Figure 4.5), towards
developing a LC-MS based MRM-HR method for quantitatively measuring glucosylceramide
levels on EPs and LPs. From this high-resolution LC-MS based MS/MS fragmentation study,

I found that at a collision energy of 40 V in the positive ionization mode, C17:0

glucosylceramide ([M+H+]: m/z = 714.5878) formed 4 major fragments (Figure 4.5). Based
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on the mass to charge (m/z) ratio of these MS/MS fragments, [ was successfully able to annotate
their chemical structures based on the chemical structure of the parent C17:0 glucosylceramide
(Figure 4.5). Of note, from this MS/MS fragmentation map, we found the characteristic
“Fragment O” ([M+H+]: m/z =264.2685) 7138 (Figure 4.5), that is a signature for all ceramide
species, and used the fragmentation of the parent glucosylceramide m/z to this “Fragment O”
as the MRM-HR transition (Table MS1) for the absolute quantification of glucosylceramides
on EPs and LPs.

o

VNN N NN NN
OH  HN
HO&/O X
Ho OH
OH

C17:0 Glucosylceramide standard (m/z = 714.5878)

4x10%-

* %k %k
3x10%
> *%
..% *
c 4 _]
g 210 -
1x10%
0 1 1 1 Il lll 1 1 1 Il 1 1 1 1 1
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750

Mass/Charge (m/z)
o} O
OH Hzﬁ)l\/\/\/\/\/\/\/\/ Hzﬁ)l\/\/\/\/\/\/\/\/
HO&ON\/\/\/\/\/\/\/ /\/\/\/\/\/\/\/\/
HO

OH

*Fragment 1 = [C17:0 Glucosylceramide - H,0]
Expected m/z = 696.5773; Found m/z = 696.5775

o}
+ )l\/\/\/\/\/\/\/\/
HaN
P N N NN

***Fragment 3 = [C17:0 Glucosylceramide - Glucose - H,0]
Expected m/z = 516.5139; Found m/z = 516.5138

OH
**Fragment 2 = [C17:0 Glucosylceramide - Glucose]
Expected m/z = 534.5245; Found m/z = 534.5242

NH,
)\/\/\/\/\/\/\/\/

“***Fragment 4 = [Fragment O]
Expected m/z = 264.2686; Found m/z = 264.2685

Figure 4.5. MS/MS fragmentation study for C17:0 glucosylceramide. The four dominant
daughter ions generated from the C17:0 glucosylceramide standard from the LC-MS based
MS/MS study are marked with different asterisks and their chemical structures are described
below the displayed MS/MS spectrum. This experiment was done thrice with reproducible
results each time. Complete details of the MS parameters can be found in Table MS]I.
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Leveraging established protocols 19118119 T extracted lipids from EP and LP preparations, and
analyzed the glucosylceramide levels on them using the above described LC-MS based MRM-
HR method for absolute quantitation of this class of sphingolipids. I found from this
quantitative LC-MS analysis, that like ceramides, the glucosylceramides were significantly
enriched on LPs (~ 5-fold) relative to EPs (Figure 4.6). I also found that while the magnitude
of the fold-change (~ 5-fold) for the enrichment of the ceramides and glucosylceramides on
LPs was similar (Figure 4.6), for a particular ceramide species (e.g. C24:0 ceramide), the
concentration of the corresponding glucosylceramide (e.g. C24:0 glucosylceramide) was ~ 5-
fold higher on both EP and LP, suggesting that glucosylceramide might indeed be the stable
end sphingolipid product during phagosomal maturation. Interestingly, I also observed that,
concomitant to VLC chain containing ceramides, VLC containing glucosylceramides were
found to increase most profoundly (Figure 4.6), suggesting that these are likely biosynthesized

from ceramide precursors on LPs.
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Figure 4.6. Glucosylceramide concentrations on EPs and LPs. The bar plots represent data
as mean =+ standard deviation from three biological replicates per experimental group. ***p

< 0.001 by Student’s t-test for the two groups compared.

Late phagosomes have higher glucosylceramide synthase activity. Intrigued by the enrichment
of glucosylceramides on LPs during phagocytosis (Figure 4.6), I next wanted to assess if

phagosomes also possess the enzymatic activities to make glucosylceramides (via

) 139-141

glucosylceramide synthase and/or break glucosylceramides (via glucosylceramidase)

139 142,143 and if so, how do these biochemical activities change or enrich as a function of
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phagosomal maturation (Figure 4.7A). Like the ceramidase assays, I decided to perform the
glucosylceramide synthase and the glucosylceramidase activity assays at pH 4.5 and 7 on both
EP and LP preparations. From these substrate assays, I found that relative to the
glucosylceramide synthase activity, the glucosylceramidase activity was negligible (~ 40-fold
lower) for both EPs and LPs (Figure 4.7B). Next, corroborating the increased glucosylceramide
levels on LPs, I found that LP preparations (specific rate: 2.0 £ 0.3 nmol/mg/min at pH 4.5,
and 2.2 + 0.2 nmol/mg/min at pH 7) had significantly more (~ 4-fold) glucosylceramide
synthase activity compared to EPs (specific rate: 0.5 = 0.1 nmol/mg/min at pH 4.5, and 0.5 £
0.1 nmol/mg/min at pH 7), and that pH did not have much effect on this activity (Figure 4.7B).

In mammals, the enzyme glucosylceramide synthase (GCS) is responsible for the biosynthesis

140,141 ) 139,144,145

of glucosylceramides , while the non-lysosomal glucosylceramidase (GBA2
was likely involved in the degradation of glucosylceramides during phagosomal maturation,
and [ wanted to determine the relative levels of these enzymes on EPs and LPs. Like I did for
the ceramidases, here, I also screened several commercially antibodies, and found again, that
none of them were selective enough to robustly report on the abundance of either enzyme from
phagosomal preparations. Hence, I again resorted to our targeted proteomics approach, and
found from this LC-MS experiment, that consistent with the increased glucosylceramide
synthase activity compared to EPs (Figure 4.7B), the protein levels of GCS were significantly
higher on LPs (~ 5-fold), when normalized to the control protein B-actin (Figure 4.7C). From
this LC-MS based targeted proteomics experiment, I also found that the protein levels of GBA2
did not significantly change between EP and LP preparations (Figure 4.7D), consistent with
the glucosylceramidase activity profile observed by us (Figure 4.6B). Taken together, the
results from the biochemical assays, and targeted proteomics experiments suggest that
compared to EPs, LPs have greater amounts of the glucosylceramide synthase GCS, that makes

glucosylceramides from ceramides using UDP-glucose as the glucose donor, and this activity

eventually results in the heightened levels of glucosylceramides on LPs.
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Figure 4.7. LPs have greater glucosylceramide synthase activity. (A) The biochemical
reaction catalyzed by the enzymes glucosylceramide synthase and glucosylceramidase towards
making and breaking glucosylceramides respectively. (B) The specific glucosylceramidase and
glucosylceramide synthase activity of EPs and LPs at neutral (pH 7) and acidic (pH 4.5)
conditions. (C, D) Relative protein levels of the enzymes (C) glucosylceramide synthase (GCS)
and (D) glucosylceramidase (GBA2) on EP versus LP as determined by targeted proteomics
relative to the control protein. For (B), (C) and (D), the bar plots represent data as mean +
standard deviation from three biological replicates per experimental group. *p < 0.05, and

*#%p < 0.001 by Student’s t-test for the two groups compared.

Discussion
Sphingolipids are an essential class of lipids that regulate several important biological functions

11 Tn mammals, including humans, ceramide forms the central node of

in all organisms
sphingolipid metabolism, and metabolically fluxes into various other sphingolipids (e.g.
sphingomyelins, ceramide phosphates, glucosylceramides), by the action of dedicated enzymes
-7 (Figure 4.1). Given its conical shape and ability to complementarily partition with
cholesterol, ceramide has many important physiological functions in mammals, including
humans. It facilitates the tighter packing membrane bilayers, stabilizes negative membrane
curvatures and in doing so, imparts rigidity to other plastic cellular membrane bilayers>®%-14¢-

1499 Together with cholesterol, ceramides and its sphingolipid derivatives are also thought to

form ordered lipid microdomains on membranes, called lipid rafts °%!4¢-!5! The formation of
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these lipid rafts has important implications in phagocytosis, as these rigid membrane structures
on LPs are where the dynein motor proteins have been shown to cluster, and collectively
produce enough unidirectional force, to transport the maturing phagosome on the underlying
cellular microtubule network towards the lysosome for eventual degradation *. Given the role
of lipids in phagocytosis, my colleagues and I recently performed a rigorous comparative
lipidomics analysis on EPs and LPs, and found that as phagosomes mature, concomitant to
their increased cholesterol content, the concentration of ceramides, particularly VLC lipid
containing ceramides, also significantly increases '%’. Upon further characterization, we found
that this accumulation of ceramides on LPs was orchestrated by the enzyme CerS2, and the
pharmacological inhibition of CerS2 by fumonisin (a general ceramide synthase inhibitor),

resulted in hampered (and/or delayed) phagosomal maturation '%.

Interestingly, and
paradoxically, I found from this study that even though the ceramides were enriched on LPs,
the protein levels and enzymatic activity of CerS2 was more on EPs, and we attributed this to
an anticipatory mechanism of CerS2, where by ceramides are found on LPs during the

maturation process.

Following up on our lipidomics study, I first wanted to understand the biochemical basis for
the accumulation of ceramides on LPs, and determine if there exists a physiological balance
between ceramide synthase (CerS2) and ceramidase activities that eventually leads to the
differential ceramide content as phagosomes mature. Using biochemical assays, I show that
EPs have significantly more ceramidase activity compared to LPs (~ 4-fold) (Figure 4.2), and
that the relative ceramidase activity on EPs is greater than the biosynthetic ceramidase synthase
(CerS2) activity (Figure 4.2). Together, the data implies that even though biosynthesis of
ceramides is greater on EPs, so is its degradation, and therefore an interplay between the
ceramide synthase (CerS2) and ceramidase activities eventually result in increased ceramides
on LPs. Though not commensurate with the magnitude of the changes seen in the activity
assays, possibly because of reasons such as effect of posttranslational modifications of ASAH2
on activity, or the need for co-factors and/or cellular protein complexes for optimal enzymatic
activity, we strongly think that the enrichment neutral ceramidase ASAH?2 is possibly the key

enzyme responsible for the degradation of ceramides on EPs (Figure 4.3).

I have previously shown that during phagosomal maturation, concentrations of sphingomyelins
and ceramide 1-phosphates don’t change '%°, but I had not investigated other sphingolipids such
as DHC or glucosylceramides during this process. I found from lipidomics experiments

reported in this study that the levels of DHC do not change during phagosomal maturation

68



(Figure 4.4), and given the lack of DHC saturase activity (and presence of the enzyme), it
appears that de novo ceramide synthesis via this biochemical route contributes little (if any) to
the accumulation of ceramides of LPs. I could not find a reliable LC-MS MRM-HR method
for quantitatively assessing glucosylceramides, and hence developed one for our studies
(Figure 4.5). Performing quantitative lipidomics using this aforementioned method, I found
that concomitant to ceramides, glucosylceramides increased profoundly on LPs (Figure 4.6).
Interestingly, I found that VLC lipid containing glucosylceramides, exactly similar to their
ceramide counterparts, most notably increased and were most abundant in terms of absolute
concentrations on LPs (Figure 4.6), leading us to speculate that these glucosylceramides are
possibly biosynthesized from precursor ceramides by the activity of GCS 4%!%! Indeed, using
biochemical assays, and LC-MS based targeted proteomics approaches, I found that LPs had
significantly more GCS activity and concentration of this enzyme compared to EPs, and that
both EPs and LPs had negligible counter glucosylceramidase activities and the amounts of the
corresponding enzyme, GBA2 (Figure 4.7). Even though the functions of glucosylceramides
are not well understood in cell biology, like ceramides, they also form lipid rafts by partitioning
with cholesterol and serve as stable and rigid platforms for localization of protein and even
enrichment of receptors. Recent reports have suggested that glucosylceramides are essential

for the localization and functioning of vATPases !°%!53

, and publicly available proteomics
studies show that presence of vATPases on LPs '9%1% Therefore, we think that the
accumulation of glucosylceramides on LPs possibly results in the formation of rigid lipid rafts
(together with cholesterol and ceramides), which facilitate the recruitment and localization of
vATPases, that are eventually responsible for the hyperacidification of the phagosomes during

the maturation process (Figure 4.8).

69



Early Phagosome Late Phagosome

PHAGOSOMAL MATURATION 8 N\ -
. ' & ~ ADP
@ Ceramidase - ;é\ =
i
& = @ Ceramide Synthase ) % ATP
@ Glucosylceramide Synthas>e . L : H
& \d‘) ® I
2P
D @ P o
P 2

“®

= Cholesterol . = Glucosylceramide

= Ceramide @ =yATPase

Figure 4.8. Model for sphingolipid changes during phagosomal maturation. A summary of
the sphingolipid changes during the maturation of phagosomes by the interplay of various
enzymes that regulate their metabolism. As per the model, the formation of ordered lipid rafts
(or microdomains) because of accumulation of ceramide and glucosylceramides along with

cholesterol on LPs, causes the recruitment of vATPases, that acidify maturing phagosomes.

Projecting ahead, the accumulation of glucosylceramides on ageing phagosomes opens up
several new questions and research directions. For instance, it would be interesting to figure
out, whether glucosylceramides (and perhaps even ceramides) are indeed needed for the
formation of stable lipid rafts (microdomains) on LPs, and effects of depletion of this
sphingolipid on the recruitment of important proteins that promote phagocytosis (e.g. dynein
mediated unidirectional motion of LPs to lysosomes 3, or acidification by vATPases '°>!5%),
However, to the best of our knowledge, there are no specific inhibitors described in literature
or available commercially for GCS, and to probe specific effects of glucosylceramides during
phagocytosis (and other cellular processes), it would be beneficial to develop specific cell
active GCS inhibitors and/or pharmacological tools (e.g. multifunctional glucosylceramide
chemical probes) that besides lipidomics, might also enable complementary proteomics and
cellular imaging studies. I also found from my studies that several commercially available
antibodies for enzymes involved in the sphingolipid metabolism are not very specific and
amenable to cellular studies. Therefore, along with pharmacological tools, the development of
specific and high-quality antibodies for the enzymes involved in sphingolipid metabolism,
particularly those discussed in this study, along with the lipids themselves (ceramides,
glucosylceramides), would greatly facilitate cell biology studies, and expand our understanding
of the spatiotemporal regulation of sphingolipids and their synergy with cholesterol during

phagocytosis.
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Conclusion

Through comparative lipidomics analysis between EPs and LPs, I showed that ceramides are
enriched on the LPs by the activity of ceramide synthase 2. However, the rate of ceramide
synthesis was higher on EPs. Following up on this study, using biochemical assays, I find that
EPs also have increased ceramidase activity - that significantly contributes to the accumulation
of ceramides on LPs. Lipidomics analysis revealed that de novo ceramide synthesis does not
significantly contribute to the ceramide accumulation on LPs, while concomitant to increased
ceramides, glucosylceramides are substantially elevated on LPs. I validated this interesting
finding using biochemical assays, and show that LPs indeed have heightened glucosylceramide
synthase activity. Taken together, these studies provide a comprehensive picture and possible

new roles of sphingolipid metabolism during phagosomal maturation.
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CHAPTER V
SUMMARY AND CONCLUSION
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Lipid signaling is one of the cornerstones of cellular health. Lipids not only act as messengers
for signals but also serve as structural platforms for cellular events. Dysregulated lipid
metabolism has been associated with several metabolic diseases. This highlights the need for

understanding the biochemistry underlying lipid metabolism.

Presence of oxidized phospholipids draws our attention to the idea that the membrane
phospholipids act as a sink for damaging effects of ROS species. Whilst they have borne the
brunt of oxidative damage, clearing them from cellular systems is necessary to prevent relaying
the damage to other molecules. Thus far lipases capable of hydrolyzing oxidized
phosphatidylcholines have been discovered, however, there were no reports describing
oxidized PS hydrolyzing lipases. It was hypothesized that cells must have such lipase to

hydrolyze oxidized PS, as oxidized PS can be misread as an untimely apoptotic signal.

Towards finding as oxidized PS lipase, firstly we wanted to induce oxidative stress into cells,
thereby increasing the probability of detecting oxidized PS in cellular systems. This was to be
followed by performing a chemical genetic screen with a library of serine hydrolase inhibitors,
to fish out for the candidate lipases. I established a reproducible method to generate
intracellular ROS with the help of a probe (MGR1), which specifically elevates ROS within
cells. Building upon this, I sequentially inhibited serine hydrolases using the inhibitor library.
The principle behind this screen was that, the inhibited candidate oxidized PS lipase will not
hydrolyze the resultant elevation in oxidized PS levels, thereby giving us a phenotype of a more
pronounced increase in levels of oxidized PS. From this chemical genetic screen, | was able
to pick out a few candidate enzymes, of which my colleagues demonstrated ABHD12 to have
a robust oxidized PS lipase activity. (Figure 5.1). This methodology described in my thesis
could serve as an excellent strategy to expand our knowledge of more lipases able to hydrolyze

oxidized lipids of other classes as well.

To further study lipid pathways in macrophages, I explored the biochemistry of sphingolipids
in the process of phagosomal maturation, an important subset of phagocytosis. Phagocytes cast
internalized particles as membrane bound organelles called phagosomes, which then fuse with
lysosomes for hydrolyzing their cargo. The phagosomes have to mature from an early
phagosome (EP) stage to a mature Late phagosome (LP) stage before this fusion. The process
entails progressive luminal acidification among other changes. The proteomic changes
augmenting the maturation process are better understood than the underlying lipidomic

changes. Hence I perfomed targeted lipidomic analyses of maturing phagosomes and found
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that cholesterol (as reported in litersture), along with ceramides are enriched on phagosomes
with a concomitant decrease in sphingosine. This enrichment of ceramide was attributed to the
activity of ceramide synthase 2, a necessary step during the maturation process. I further found
that the flux of ceramides ias also controlled by the activity of pH dependant cermidases, thus
an interplay between the activities of ceramide synthase 2 and (neutral) ceramidase resulted in
and increased flux of ceramides on LPs. Furthermore, I found that the ceramides on LPs are
fluxed into glucosylceramides by the activity of glucosylceramide synthase. The enrichment of
cholesterol on LPs, and rafts formed by their clustering, serve as a platforms for attachment of
dyenins for transport of the phagosome towards lysosomes. Cermamides are thought to
stabilize such rafts, and thus their enrichment only supports their integrity. Glucosylceramides
however have an unclear function in cells. They also have a propensity for forming rafts, with
a few reports suggesting that these rafts help recruit vacuolar ATPase (vATPase). By
connecting the dots, I put forth a previously unknown role for glucosylceramides in the process
of phagosomal maturation, whereby glucosylceramide rafts help recruit vATPase to facilitate
phagosomal luminal acidification. Thus, from my research, I find that sphingolipid metabolism

is consequential over maturing phagosomes (Figure 5.1).
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Figure 5.1. Graphical summary. This figure is an illustration of the summary of my doctoral

research on pathways of lipid metabolism in macrophages. I studied the metabolism of oxidized

PS, and through a chemical genetic screen, was able to help identify the extracellularly

oriented ABHD1?2 as a lipase capable of hydrolyzing it. Further, I studied the biochemistry of

sphingolipids on maturing phagosomes and found that ceramides and glucosylceramides get

enriched along the process along with cholesterol. This I was able to attribute to an interplay

of the activities of ceramide synthase 2, (neutral) cermidase, and glucosylceramide synthase.
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TABLES FOR MASS SPECTROMETRY

Table 1: Quantification of oxidized PS in the chemical genetic screen. The table shows
oxidized PS levels of RAW264.7 cells treated with serine hydrolase inhibitors and control

(highlighted in green) in presence of elevated ROS. The ‘hit’ compounds have been highlighted

in yellow.
Relative oxidized PS
levels
Treatment Compound (10 pM) (Is’r;:ll\)/le)
Mean | SEM | N
DMSO - - 0.23 0.04 | 12
DMSO - MGR2 0.24 003 | 3
DMSO - MGR1 1.00 0.09 | 15
- Bromoenol lactone (BEL) MGRI1 0.71 0.05 | 3
- JIH251 MGRI1 0.71 003 | 3
- JIH254 MGRI1 0.71 002 | 3
- ASI115 MGRI1 0.74 0.05 | 3
- JW480 MGRI1 0.75 0.11 | 3
- ABCS5 MGRI1 0.75 0.09 | 3
- WWLI153 MGR1 0.76 003 | 3
- KC02 MGRI1 0.77 0.10 | 3
- RHC80267 MGRI1 0.78 0.08 | 3
— ABCI16 MGRI1 0.79 0.09 | 3
- ABC34 MGRI1 0.79 0.06 | 3
- ABC47 MGR1 0.79 0.17 | 3
- JIH221 MGRI1 0.81 0.14 | 3
- WWL222 MGRI1 0.81 007 | 3
- JIH250 MGRI1 0.82 0.12 | 3
— ABC45 MGRI1 0.82 005 | 3
- XEN445 MGRI1 0.85 002 | 3
— PF7845 MGRI1 0.85 0.01 | 3
- DO34 MGRI1 0.86 0.12 | 3
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Relative oxidized PS
levels

Treatment Compound (10 pM) (Is’r;:;[e)

Mean | SEM | N
- WWLI151 MGRI1 0.86 0.13 | 3
- JIH260 MGRI1 0.86 0.07 | 3
- KT195 MGRI1 0.87 0.08 | 3
- KCo01 MGRI1 0.87 0.07 | 3
- WWL92 MGRI1 0.89 0.07 | 3
- Atglistatin MGR1 0.90 0.05 | 3
- Sitagliptin MGRI1 0.90 0.02 | 3
- Palmostatin-M MGRI1 0.90 0.02 | 3
- Pyrrophenone MGR1 0.91 0.07 | 3
- Emetine. HCI MGRI1 0.91 0.05 | 3
- WWLI113 MGRI1 0.91 0.11 | 3
- KT172 MGRI1 0.91 0.14 | 3
- KT109 MGRI1 0.91 003 | 3
- DO53 MGRI1 0.92 0.18 | 3
- JZ1L184 MGRI1 0.92 0.09 | 3
- ABC51 MGR1 0.93 0.06 | 3
- GSK264220A MGRI1 0.94 0.07 | 3
- trans-5c¢ MGRI1 0.96 0.05 | 3
- WWL229 MGRI1 0.96 0.09 | 3
— BAY MGRI1 0.98 0.08 | 3
- P11 MGR1 0.98 0.05 | 3
- MINI110 MGRI1 1.00 0.07 | 3
- Palmostatin-B MGRI1 1.01 0.07 | 3
- URBS597 MGRI1 1.02 0.12 | 3
- KLH40 MGRI1 1.03 0.02 | 3
- WWL70 MGRI1 1.03 0.06 | 3
- Ebdrup-3f MGRI1 1.05 0.06 | 3
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Relative oxidized PS
levels

Probe
Treatment Compound (10 pM
Mean | SEM | N
- Cay10499 MGRI1 1.05 003 | 3
- KLH45b MGRI1 1.08 0.12 | 3
- Cay10502 MGRI1 1.09 004 | 3
- ABL127 MGRI1 1.09 021 | 3
- Darapladib MGRI1 1.27 0.10 | 3
N-arachidonyl maleimide
- (NAM) MGRI1 1.36 0.06 | 3
Phenylmethylsulfonylfluoride
- (PMSF) MGRI1 1.39 0.07 | 3
- JMN4 MGRI1 1.55 0.18 | 3
Methylarachidonyl
a fluophosphonate (MAFP) MGRI 1.89 023 13
= Tetrahydrolipstatin (THL) MGR1 2.29 034 | 3
- FP-Alkyne MGR1 2.70 026 | 3

78



Table MS1: Details for mass transitions for targeted lipidomics analyses. Species denoted

in red are unnatural internal standards used in quantitation of the respective lipid class

Lipid Class Species A;zcxuar;te ?)crf)l;lactf pp | ep | €F Colle;siion Tonizatio | Adduct
targeted . \%) . n Mode (if any)
masses ion mass Potential
Cholesterol | 404.3887 | 369.3516 | 50 | 10 | 15 15 Positive | [M+NHi]"
Sterols Stigmasterol | 430.4043 395.3672 50 10 15 15 Positive | [M+NH4]"
Sitosterol | 432.4200 | 397.3829 | 50 | 10 | 15 15 Positive | [M+NHi]"
Cholesterol \ 411 4356 | 3763955 | 50 | 10 | 15 15 Positive | [M+NH.]*
d7 (IS)
Sphingosine | 300.2897 | 2822791 | 45 | 10 | 18 10 Positive | N/A
Sphinganine | 302.3054 | 284.2948 | 45 | 10 | 18 10 Positive | N/A
17:1
Sphingosine | 286.2741 | 2682635 | 45 | 10 | 18 10 Positive | N/A
Sphingolipids (IS)
Sphingosine
I-phosphate | 378.2415 78.9591 -90 -10 | -60 -10 Negative N/A
(SIP)
17:(}55311’ 3642258 | 789591 | -90 | <10 | -60 | -10 | Negative | N/A
16:0/32:0 | 824.7704 | 5515034 | 150 | 10 | 35 10 Positive | [M+NH.]"
16:0/34:1 | 850.7858 | 577.5190 | 150 | 10 | 35 10 Positive | [M+NH.]"
16:0/34:0 | 852.8015 | 579.5347 | 150 | 10 | 35 10 Positive | [M+NH.]"
16:0/36:2 | 876.8015 | 603.5347 | 150 | 10 | 35 10 Positive | [M+NH.]"
16:0/36:1 | 878.8171 | 6055503 | 150 | 10 | 35 10 Positive | [M+NH.]"
16:0/36:0 | 880.8328 | 607.5660 | 150 | 10 | 35 10 Positive | [M+NH.]"
16:0/36:4 | 8727702 | 599.5034 | 150 | 10 | 35 10 Positive | [M+NH.]"
16:0/38:4 | 900.8015 | 627.5347 | 150 | 10 | 35 10 Positive | [M+NH.]"
18:0/32:0 | 852.8015 | 551.5034 | 150 | 10 | 35 10 Positive | [M+NH.]"
18:0/34:1 | 878.8171 | 577.5190 | 150 | 10 | 35 10 Positive | [M+NH.]"
, 18:0/34:0 | 880.8328 | 579.5347 | 150 | 10 | 35 10 Positive | [M+NH.]"
Triacylglycerols .

(TAG) 18:0/36:2 | 904.8328 | 603.5347 | 150 | 10 | 35 10 Positive | [M+NH.]"
18:0/36:1 | 906.8484 | 6055503 | 150 | 10 | 35 10 Positive | [M+NHa]*
18:0/36:0 | 908.8641 | 607.5660 | 150 | 10 | 35 10 Positive | [M+NHa]*
18:0/36:4 | 900.8015 | 599.5034 | 150 | 10 | 35 10 Positive | [M+NH.]*
18:0/38:4 | 928.8325 | 627.5344 | 150 | 10 | 35 10 Positive | [M+NH.]*
18:1/32:0 | 850.7878 | 551.5054 | 150 | 10 | 35 10 Positive | [M+NH.]*
18:1/34:1 | 876.8015 | 577.5191 | 150 | 10 | 35 10 Positive | [M+NH.]*
18:1/34:0 | 878.8171 | 579.5347 | 150 | 10 | 35 10 Positive | [M+NH.]*
18:1/36:2 | 902.8171 | 603.5347 | 150 | 10 | 35 10 Positive | [M+NH.]*
18:1/36:1 | 904.8328 | 605.5504 | 150 | 10 | 35 10 Positive | [M+NH.]*
18:1/36:0 | 906.8484 | 607.5660 | 150 | 10 | 35 10 Positive | [M+NH.]*
18:1/36:4 | 898.7858 | 599.5034 | 150 | 10 | 35 10 Positive | [M+NH.]*
18:1/38:4 | 926.8171 | 627.5347 | 150 | 10 | 35 10 Positive | [M+NH.]*
18:2/34:2 | 8727702 | 5755035 | 150 | 10 | 35 10 Positive | [M+NH.]"
]7:((;/83)4:1 864.8015 | 577.5190 | 150 | 10 | 35 10 Positive | [M+NH.J*
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Accurate

Accurate

Collision

Lipid Class Species Exact product DP EP CE Exit Tonizatio A.dduct
targeted masses ion mass V) Potential | " Mode (if any)
16:0 538.5194 520.5088 180 10 20 10 Positive N/A
18:1 564.5350 546.5244 180 10 20 10 Positive N/A
18:0 566.5507 548.5401 180 10 20 10 Positive N/A
20:1 592.5633 574.5527 180 10 20 10 Positive N/A
20:4 586.5194 568.5088 180 10 20 10 Positive N/A
22:6 610.5194 592.5088 180 10 20 10 Positive N/A
25:0 (IS) 664.6602 646.6496 180 10 20 10 Positive N/A
. 16:0 538.5194 520.5088 180 10 20 10 Positive N/A
Ceramides 12:0 482 .4568 464.3552 180 10 20 10 Positive N/A
14:0 510.4881 492 3865 180 10 20 10 Positive N/A
18:2 562.5194 544.4178 180 10 20 10 Positive N/A
20:0 594.5820 576.4804 180 10 20 10 Positive N/A
22:0 622.6133 604.5117 180 10 20 10 Positive N/A
22:1 620.5976 602.4960 180 10 20 10 Positive N/A
22:4 615.5507 597.4491 180 10 20 10 Positive N/A
24:0 650.6446 632.5430 180 10 20 10 Positive N/A
24:1 648.6289 630.5273 180 10 20 10 Positive N/A
12:0 647.5123 184.0733 150 10 55 12 Positive N/A
14:0 675.5436 184.0733 150 10 55 12 Positive N/A
18:2 727.5749 184.0733 150 10 55 12 Positive N/A
20:0 759.6375 184.0733 150 10 55 12 Positive N/A
22:0 787.6688 184.0733 150 10 55 12 Positive N/A
22:1 785.6531 184.0733 150 10 55 12 Positive N/A
22:4 779.6062 184.0733 150 10 55 12 Positive N/A
Sphingomyelins 24:0 8157001 | 184.0733 | 150 | 10 | 55 12 Positive N/A
24:1 813.6844 184.0733 150 10 55 12 Positive N/A
16:0 703.5749 184.0733 150 10 55 12 Positive N/A
18:1 729.5905 184.0733 150 10 55 12 Positive N/A
18:0 731.6062 184.0733 150 10 55 12 Positive N/A
20:1 757.6218 184.0733 150 10 55 12 Positive N/A
20:4 751.5749 184.0733 150 10 55 12 Positive N/A
22:6 775.5749 184.0733 150 10 55 12 Positive N/A
12:0 (IS) 647.5123 184.0733 150 10 55 12 Positive N/A
16:0 255.2330 255.2330 -100 | -10 | -15 -10 Negative N/A
18:1 281.2486 281.2486 -100 | -10 | -15 -10 Negative N/A
18:0 283.2643 283.2643 -100 | -10 | -15 -10 Negative N/A
20:1 309.2799 309.2799 -100 | -10 | -15 -10 Negative N/A
20:4 303.2330 303.2330 -100 | -10 | -15 -10 Negative N/A
Free fatty acids 22:6 327.2330 327.2330 -100 | -10 | -15 -10 Negative N/A
17:1 (IS) 267.2330 267.2330 -100 | -10 | -15 -10 Negative N/A
12:0 199.1704 199.1704 -100 | -10 | -15 -10 Negative N/A
14:0 227.2017 227.2017 -100 | -10 | -15 -10 Negative N/A
18:2 279.2330 279.2330 -100 | -10 | -15 -10 Negative N/A
20:0 311.2956 311.2956 -100 | -10 | -15 -10 Negative N/A
22:0 339.3267 339.3267 -100 | -10 | -15 -10 Negative N/A
22:1 337.3112 337.3112 -100 | -10 | -15 -10 Negative N/A
22:4 331.2643 331.2643 -100 | -10 | -15 -10 Negative N/A
24:0 367.3582 367.3582 -100 | -10 | -15 -10 Negative N/A

80




Accurate

Accurate

Collision

Lipid Class Species Exact product DP EP CE Exit Tonizatio A.dduct
targeted . %) . n Mode (if any)
masses ion mass Potential

Free fatty acids 24:1 3653425 | 3653425 | -100 | <10 | -15 |  -10 | Negative | N/A

16:0 3312843 | 2392369 | 80 | 10 | 25 10 Positive | N/A

18:1 3572999 | 2652526 | 80 | 10 | 25 10 Positive | N/A

18:0 3593156 | 267.2682 | 80 | 10 | 25 10 Positive | N/A

20:1 3853312 | 2932839 | 80 | 10 | 25 10 Positive | N/A

20:4 3792843 | 2872369 | 80 | 10 | 25 10 Positive | N/A

22:6 4032843 | 3112369 | 80 | 10 | 25 10 Positive | N/A

20:4(d5- 1 3043157 | 2872369 | 80 | 10 | 25 10 Positive | N/A

Monoacyl glycerol) IS

glycerols (MAG) 12:0 2752217 | 183.1810 | 80 | 10 | 25 10 Positive | N/A

14:0 3032530 | 2112123 | 80 | 10 | 25 10 Positive | N/A

18:2 3552843 | 2632436 | 80 | 10 | 25 10 Positive | N/A

20:0 387.3469 | 2953062 | 80 | 10 | 25 10 Positive | N/A

22:0 4153782 | 3233375 | 80 | 10 | 25 10 Positive | N/A

22:1 4133625 | 3213218 | 80 | 10 | 25 10 Positive | N/A

22:4 407.3156 | 3152749 | 80 | 10 | 25 10 Positive | N/A

24:0 4434095 | 3513688 | 80 | 10 | 25 10 Positive | N/A

24:1 4413938 | 3493531 | 80 | 10 | 25 10 Positive | N/A

16:0 6255918 | 3693516 | 110 | 10 | 35 7 Positive | N/A

18:1 651.6075 | 369.3516 | 110 | 10 | 35 7 Positive | N/A

18:0 653.6231 | 3693516 | 110 | 10 | 35 7 Positive | N/A

20:1 679.6388 | 3693516 | 110 | 10 | 35 7 Positive | N/A

20:4 673.5918 | 3693516 | 110 | 10 | 35 7 Positive | N/A

22:6 697.5918 | 3693516 | 110 | 10 | 35 7 Positive | N/A

19:01S) | 667.6388 | 369.3516 | 110 | 10 | 35 7 Positive | N/A

Cholesterol 12:0 569.5292 | 3693516 | 110 | 10 | 35 7 Positive | N/A

esters 14:0 597.5605 | 3693516 | 110 | 10 | 35 7 Positive | N/A

18:2 649.5918 | 369.3516 | 110 | 10 | 35 7 Positive | N/A

20:0 681.6544 | 369.3516 | 110 | 10 | 35 7 Positive | N/A

22:0 709.6857 | 369.3516 | 110 | 10 | 35 7 Positive | N/A

22:1 707.6701 | 369.3516 | 110 | 10 | 35 7 Positive | N/A

22:4 701.6231 | 369.3516 | 110 | 10 | 35 7 Positive | N/A

24:0 7377170 | 369.3516 | 110 | 10 | 35 7 Positive | N/A

24:1 7357014 | 3693516 | 110 | 10 | 35 7 Positive | N/A

16:0 6164711 | 789591 | -100 | -10 | o | -12 | Negative | N/A

18:1 6424868 | 789591 | -100 | -10 | oo | -12 | Negative | N/A

iﬁ;‘;‘;‘;‘;‘t’els 18:0 644.5024 | 789591 | -100 | 410 | o | 12 | Negative | NA

20:1 6705181 | 789591 | -100 | -10 | oo | 12 | Negative | N/A

20:4 6644711 | 789591 | -100 | -10 | oo | 12| Negative | N/A

22:6 6884711 | 789591 | -100 | -10 | oo | 12 | Negative | N/A

12:0(1S) | 5604085 | 789591 | -100 | -10 | oo | 12 | Negative | N/A
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Accurate

Accurate

Collision

Lipid Class Species Exact product DP EP CE Exit Tonizatio A.dduct
targeted masses ion mass V) Potential | " Mode (if any)
12:0 560.4085 | 78.9591 | -100 | -10 | .o -12 Negative | N/A
14:0 588.4398 | 78.9591 | -100 | -10 | .. -12 Negative | N/A
18:2 6404711 | 789591 | -100 | -10 | o -12 Negative | N/A
Ceramide 1. 20:0 6725337 | 789591 | -100 | -10 | .o -12 Negative | N/A
phosphates 22:0 700.5650 | 789591 | -100 | -10 | o | 12 | Negative | NA
22:1 698.5494 | 78.9591 | -100 | -10 | .o -12 Negative | N/A
22:4 692.5024 | 78.9591 | -100 | -10 | .o -12 Negative | N/A
24:0 7285963 | 78.9591 | -100 | -10 | .o -12 Negative | N/A
24:1 7265807 | 789591 | -100 | -10 | .o -12 Negative | N/A
32:0 7345694 | 184.0733 | 170 | 10 | 45 15 Positive N/A
32:1 7325538 | 184.0733 | 170 | 10 | 45 15 Positive N/A
g 34:0 762.6007 | 184.0733 | 170 | 10 | 45 15 Positive N/A
2 34:1 760.5851 | 184.0733 | 170 | 10 | 45 15 Positive N/A
£ 34:2 758.5694 | 184.0733 | 170 | 10 | 45 15 Positive N/A
= 36:0 790.6320 | 184.0733 | 170 | 10 | 45 15 Positive N/A
z 36:1 788.6164 | 184.0733 | 170 | 10 | 45 15 Positive N/A
"5 36:2 786.6007 | 184.0733 | 170 | 10 | 45 15 Positive N/A
3 36:4 782.5684 | 184.0733 | 170 | 10 | 45 15 Positive N/A
< 38:4 810.6007 | 184.0733 | 170 | 10 | 45 15 Positive N/A
40:6 834.6007 | 184.0733 | 170 | 10 | 45 15 Positive N/A
37:4(IS) | 796.5851 | 184.0733 | 170 | 10 | 45 15 Positive N/A
32:0 6925225 | 551.5034 | 150 | 10 | 50 10 Positive N/A
= 32:1 690.5068 | 549.4877 | 150 | 10 | 50 10 Positive N/A
i:‘-; 34:0 720.5538 | 579.5347 | 150 | 10 | 50 10 Positive N/A
E 34:1 718.5381 | 577.5190 | 150 | 10 | 50 10 Positive N/A
= 34:2 716.5225 | 575.5034 | 150 | 10 | 50 10 Positive N/A
g 36:0 7485851 | 607.5660 | 150 | 10 | 50 10 Positive N/A
§ 36:1 746.5694 | 605.5503 | 150 | 10 | 50 10 Positive N/A
) 36:2 7445538 | 603.5347 | 150 | 10 | 50 10 Positive N/A
i 36:4 740.5225 | 599.5034 | 150 | 10 | 50 10 Positive N/A
Z 38:4 768.5538 | 627.5347 | 150 | 10 | 50 10 Positive N/A
& 40:6 7925538 | 651.5347 | 150 | 10 | 50 10 Positive N/A
37:4(IS) | 7545381 | 613.5190 | 150 | 10 | 50 10 Positive N/A
32:0 647.4657 | 2552330 | -65 | -10 | -45 -10 Negative | N/A
Phosphatidic 32:1 645.4501 | 2552330 | -65 | -10 | -45 -10 Negative | N/A
acid (PA) 34:0 675.4970 | 2552330 | -65 | -10 | -45 -10 Negative | N/A
34:1 673.4814 | 2552330 | -65 | -10 | -45 -10 Negative | N/A
34:2 671.4657 | 2552330 | -65 | -10 | -45 -10 Negative | N/A
36:0 703.5283 | 2832643 | -65 | -10 | -45 -10 Negative | N/A
36:1 7015127 | 2832643 | -65 | -10 | -45 -10 Negative | N/A
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Phosphatidic 36:2 699.4740 | 281.2486 | -65 | -10 | -45 -10 Negative N/A
acid (PA) 36:4 695.4657 | 2552330 | -65 | -10 | -45 10 | Negative | N/A
38:4 7234970 | 2832643 | 65 | -10 | -45 -10 Negative | N/A
40:6 747.4970 | 2832643 | 65 | -10 | -45 -10 Negative | N/A
37:4(IS) | 709.4814 | 2692486 | -65 | -10 | -45 -10 Negative | N/A
32:0 721.5025 | 2552330 | -120 | -10 | -50 -12 Negative | N/A
32:1 719.4869 | 2552330 | -120 | -10 | -50 -12 Negative | N/A
g 34:0 749.5338 | 2552330 | -120 | -10 | -50 -12 Negative | N/A
= 34:1 7475182 | 2552330 | -120 | -10 | -50 -12 Negative | N/A
5 34:2 7455025 | 2552330 | -120 | -10 | -50 -12 Negative | N/A
= 36:0 7775615 | 2832643 | -120 | -10 | -50 -12 Negative | N/A
Z 36:1 775.5495 | 2832643 | -120 | -10 | -50 -12 Negative | N/A
'}3 36:2 773.5338 | 2812486 | -120 | -10 | -50 -12 Negative | N/A
Z 36:4 769.5025 | 2552330 | -120 | -10 | -50 -12 Negative | N/A
= 38:4 797.5338 | 2832643 | -120 | -10 | -50 -12 Negative | N/A
40:6 821.5338 | 283.2643 | -120 | -10 | -50 -12 Negative | N/A
37:4(IS) | 783.5182 | 269.2486 | -120 | -10 | -50 -12 Negative | N/A
16:0/18:2 758.5 255.3 120 | -10 | -52 -11 Negative | N/A
16:0/ 18:1 760.5 2553 120 | -10 | -52 -11 Negative | N/A
16:0/ 18:0 762.5 2553 120 | -10 | -52 -11 Negative | N/A
16:0/20:4 782.5 2553 120 | -10 | -52 -11 Negative | N/A
18:1/18:2 784.5 281.2 120 | -10 | -52 -11 Negative | N/A
18:1/ 18:1 786.5 281.3 120 | -10 | -52 -11 Negative | N/A
18:0/18:2 786.5 283.3 120 | -10 | -52 -11 Negative | N/A
18:0/ 18:1 788.5 283.3 120 | -10 | -52 -11 Negative | N/A

17:0/ 20:4
Sg::&;“:g) 796.5 2693 | -120 | <10 | -52 | <11 | Negative | N/A

(1 nmol)
16:0/22:6 806.5 255.3 120 | -10 | -52 -11 Negative | N/A
18:1/20:4 808.5 281.3 120 | -10 | -52 -11 Negative | N/A
18:0/ 20:4 810.5 283.3 120 | -10 | -52 -11 Negative | N/A
Phosphatidylseri | 50.0/18:2 814.6 311.3 120 | -10 | -52 -11 Negative | N/A
ne (PS) 18:1/20:1 814.6 2813 | 2120 | <10 | 52 | <11 | Negative | N/A
18:0/ 20:1 816.6 283.3 120 | -10 | -52 -11 Negative | N/A
18:1/20:0 816.6 2813 120 | -10 | -52 -11 Negative | N/A
18:0/ 20:0 818.6 283.3 120 | -10 | -52 -11 Negative | N/A
18:1/22:6 832.8 281.3 120 | -10 | -52 -11 Negative | N/A
18:0/ 22:6 834.8 283.3 120 | -10 | -52 -11 Negative | N/A
20:1/ 20:4 836.6 309.3 120 | -10 | -52 -11 Negative | N/A
20:0/ 20:4 838.6 3113 120 | -10 | -52 -11 Negative | N/A
18:0/ 22:4 838.6 283.3 120 | -10 | -52 -11 Negative | N/A
18:1/22:1 842.6 281.2 120 | -10 | -52 -11 Negative | N/A
18:0/ 22:1 844.6 283.3 120 | -10 | -52 -11 Negative | N/A
18:1/22:0 844.6 281.2 120 | -10 | -52 -11 Negative | N/A
18:0/ 22:0 846.6 283.3 120 | -10 | -52 -11 Negative | N/A
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20:1/22:6 860.8 309.3 -120 | -10 | -52 -11 Negative N/A
20:0/ 22:6 862.8 311.3 -120 | -10 | -52 -11 Negative N/A
22:1/20:4 864.6 337.3 -120 | -10 | -52 -11 Negative N/A
22:0/20:4 866.6 339.3 -120 | -10 | -52 -11 Negative N/A
18:1/24:1 870.6 281.3 -120 | -10 | -52 -11 Negative N/A
. . 18:0/ 24:1 872.6 283.3 -120 | -10 | -52 -11 Negative N/A
Ph"sgle‘?;,‘g)y Iseri | 1g.1/24:0 872.6 2812 | <120 | <10 | 52 | <11 | Negative | N/A
18:0/ 24:0 874.7 283.3 -120 | -10 | -52 -11 Negative N/A
22:0/22:6 888.8 339.3 -120 | -10 | -52 -11 Negative N/A
20:0/ 24:1 890.8 311.3 -120 | -10 | -52 -11 Negative N/A
24:1/20:4 892.6 365.3 -120 | -10 | -52 -11 Negative N/A
24:0/ 20:4 894.6 367.4 -120 | -10 | -52 -11 Negative N/A
20:1/ 24:1 898.7 309.3 -120 | -10 | -52 -11 Negative N/A
22:1/22:6 900.7 3373 -120 | -10 | -52 -11 Negative N/A
20:0/ 24:1 900.7 311.3 -120 | -10 | -52 -11 Negative N/A
20:0/ 24:0 902.7 311.3 -120 | -10 | -52 -11 Negative N/A
24:1/22:6 916.9 365.3 -120 | -10 | -52 -11 Negative N/A
24:0/ 22:6 918.9 367.4 -120 | -10 | -52 -11 Negative N/A
hy-16:0/18:1 778.5 255.3 -95 -10 | -40 -12 Negative N/A
hy-16:0/18:2 776.5 2553 -95 -10 | -40 -12 Negative N/A
hy-16:0/20:4 800.5 2553 -95 -10 | -40 -12 Negative N/A
hy-16:0/22:6 825.5 2553 -95 -10 | -40 -12 Negative N/A
hy-18:0/18:1 806.6 283.3 -95 -10 | -40 -12 Negative N/A
hy-18:0/18:2 804.5 283.3 -95 -10 | -40 -12 Negative N/A
hy-18:0/20:4 828.5 283.3 -95 -10 | -40 -12 Negative N/A
hy-18:0/22:6 853.5 283.3 -95 -10 | -40 -12 Negative N/A
hy-18:1/18:1 804.5 281.3 -95 -10 | -40 -12 Negative N/A
hy-18:1/18:2 802.5 281.3 -95 -10 | -40 -12 Negative N/A
hy-18:1/20:4 826.5 281.3 -95 -10 | -40 -12 Negative N/A
hy-18:1/22:6 851.5 281.3 -95 -10 | -40 -12 Negative N/A
Oxidized hy-20:0/18:1 834.6 311.3 -95 -10 | -40 -12 Negative N/A
Phophatidylserin | hy-20:0/18:2 832.6 311.3 -95 -10 | -40 -12 Negative N/A
€ hy-20:0/20:4 856.6 311.3 -95 -10 | -40 -12 Negative N/A
hy-20:0/22:6 881.6 311.3 -95 -10 | -40 -12 Negative N/A
‘hy’=hydroxy 0x-16:0/18:1 776.5 2553 -95 -10 | -40 -12 Negative N/A
‘0x’=epoxy 0x-16:0/18:2 774.5 255.3 -95 -10 | -40 -12 Negative N/A
0x-16:0/20:4 798.5 255.3 -95 -10 | -40 -12 Negative N/A
0x-16:0/22:6 823.5 255.3 -95 -10 | -40 -12 Negative N/A
0x-18:0/18:1 804.5 283.3 -95 -10 | -40 -12 Negative N/A
0x-18:0/18:2 802.5 283.3 -95 -10 | -40 -12 Negative N/A
0x-18:0/20:4 826.5 283.3 -95 -10 | -40 -12 Negative N/A
0x-18:0/22:6 851.5 283.3 -95 -10 | -40 -12 Negative N/A
ox-18:1/18:1 802.5 281.3 -95 -10 | -40 -12 Negative N/A
0x-18:1/18:2 800.5 281.3 -95 -10 | -40 -12 Negative N/A
0x-18:1/20:4 824.5 281.3 -95 -10 | -40 -12 Negative N/A
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Oxidized ox-18:1/22:6 |  849.5 281.3 95 | -10 | -40 12 | Negative | N/A
Phophatidylserin | ., >0.0/18:1 | 8326 311.3 95 | -10 | -40 12 | Negative | N/A
¢ 0x-20:0/18:2 |  830.6 311.3 95 | -10 | -40 12 | Negative | N/A
‘hy'=hydroxy | 0x-20:0/20:4 |  854.6 311.3 95 | -10 | -40 12 | Negative | N/A
‘ox’=epoxy 0x-20:0/22:6 879.6 311.3 -95 -10 | -40 -12 Negative N/A
C12:0/13:0
S(::l:z;“ri‘;) 636.4 1992 | =95 | -10 | 40 | -12 | Negative | N/A
(50 pmol)
32:0 809.5186 | 2552330 | -40 | -10 | -70 -11 Negative | N/A
32:1 807.5029 | 2552330 | -40 | -10 | -70 -11 Negative | N/A
£ 34:0 837.5499 | 2552330 | -40 | -10 | -70 -11 Negative | N/A
= 34:1 835.5342 | 2552330 | -40 | -10 | -70 -11 Negative | N/A
Z 34:2 833.5186 | 2552330 | -40 | -10 | -70 -11 Negative | N/A
£ 36:0 865.5812 | 2832643 | -40 | -10 | -70 -11 Negative | N/A
) 36:1 863.5655 | 2832643 | -40 | -10 | -70 -11 Negative | N/A
= 36:2 861.5499 | 2812486 | -40 | -10 | -70 -11 Negative | N/A
2 36:4 857.5186 | 2552330 | -40 | -10 | -70 -11 Negative | N/A
£ 38:4 885.5499 | 2832643 | -40 | -10 | -70 -11 Negative | N/A
40:6 909.5499 | 2832643 | -40 | -10 | -70 -11 Negative | N/A
37:4(IS) | 871.5342 | 269.2486 | -40 | -10 | -70 -11 Negative | N/A
32:0 586.5405 | 3132737 | 50 | 10 | 25 10 Positive | [M+NH.]"
32:1 584.5249 | 3132737 | 50 | 10 | 25 10 Positive | [M+NH.]*
34:0 614.5718 | 3132737 | 50 | 10 | 25 10 Positive | [M+NH.]*
& 34:1 612.5562 | 3132737 | 50 | 10 | 25 10 Positive | [M+NH.]*
= 34:2 610.5405 | 3132737 | 50 | 10 | 25 10 Positive | [M+NH.]*
=z 36:0 642.6031 | 3413050 | 50 | 10 | 25 10 Positive | [M+NH.*
S 36:1 640.5875 | 3413050 | 50 | 10 | 25 10 Positive | [M+NH.]*
% 36:2 638.5718 | 3413050 | 50 | 10 | 25 10 Positive | [M+NH.]*
% 36:4 634.5405 | 3132737 | 50 | 10 | 25 10 Positive | [M+NH.]*
2 38:4 662.5718 | 3413050 | 50 | 10 | 25 10 Positive | [M+NH.]*
40:6 686.5718 | 3413050 | 50 | 10 | 25 10 Positive | [M+NHa]*
32:0 (d5-
glycerol) | 591.5719 | 3183051 | 50 | 10 | 25 10 Positive | [M+NH.]*
as)
16:0 496.3398 | 184.0733 | 130 | 10 | 40 12 Positive | NJ/A
18:1 522.3554 | 184.0733 | 130 | 10 | 40 12 Positive | NJ/A
18:0 5243711 | 184.0733 | 130 | 10 | 40 12 Positive | NJ/A
20:1 550.3867 | 184.0733 | 130 | 10 | 40 12 Positive | NJ/A
Lyso-PC 20:4 5443398 | 184.0733 | 130 | 10 | 40 12 Positive | N/A
22:6 568.3398 | 184.0733 | 130 | 10 | 40 12 Positive | N/A
17:1(IS) | 5083398 | 184.0733 | 130 | 10 | 40 12 Positive | N/A
12:0 4402772 | 184.0733 | 130 | 10 | 40 12 Positive | N/A
14:0 468.3085 | 184.0733 | 130 | 10 | 40 12 Positive | N/A
18:2 520.3398 | 184.0733 | 130 | 10 | 40 12 Positive | N/A
20:0 5524024 | 184.0733 | 130 | 10 | 40 12 Positive | N/A
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22:0 580.4337 184.0733 130 10 40 12 Positive N/A

Lyso-PC 22:1 578.4180 | 184.0733 | 130 | 10 | 40 12 Positive N/A
22:4 572.3711 184.0733 130 10 40 12 Positive N/A

24:0 608.4650 184.0733 130 10 40 12 Positive N/A

24:1 606.4493 184.0733 130 10 40 12 Positive N/A

16:0 454.2928 313.2737 125 10 45 15 Positive N/A

18:1 480.3085 339.2894 125 10 45 15 Positive N/A

18:0 482.3241 341.3050 125 10 45 15 Positive N/A

20:1 508.3398 367.3207 125 10 45 15 Positive N/A

20:4 502.2928 361.2737 125 10 45 15 Positive N/A

22:6 526.2928 385.2737 125 10 45 15 Positive N/A

17:1 (IS) 466.2928 325.2737 125 10 45 15 Positive N/A

Lyso-PE 12:0 398.3202 257.3011 125 10 45 15 Positive N/A
14:0 426.2615 285.2424 125 10 45 15 Positive N/A

18:2 478.2928 337.2737 125 10 45 15 Positive N/A

20:0 510.3554 369.3363 125 10 45 15 Positive N/A

22:0 538.3867 397.3676 125 10 45 15 Positive N/A

22:1 536.3711 395.3520 125 10 45 15 Positive N/A

22:4 530.3241 389.3050 125 10 45 15 Positive N/A

24:0 566.4180 425.3989 125 10 45 15 Positive N/A

24:1 564.4024 423.3833 125 10 45 15 Positive N/A

16:0 409.2361 78.9591 -80 -10 115 -10 Negative N/A

18:1 435.2517 78.9591 -80 -10 115 -10 Negative N/A

18:0 437.2674 78.9591 -80 -10 1 iS -10 Negative N/A

20:1 463.2830 78.9591 -80 -10 liS -10 Negative N/A

20:4 457.2361 78.9591 -80 -10 1 iS -10 Negative N/A

22:6 481.2361 78.9591 -80 -10 1 iS -10 Negative N/A

Lyso-PA 17:1 (IS) 421.2361 78.9591 -80 -10 115 -10 Negative N/A
12:0 353.1735 78.9591 -80 -10 liS -10 Negative N/A

14:0 381.2048 78.9591 -80 -10 1 iS -10 Negative N/A

18:2 433.2361 78.9591 -80 -10 liS -10 Negative N/A

20:0 465.2987 78.9591 -80 -10 1 iS -10 Negative N/A

22:0 493.3300 78.9591 -80 -10 1 iS -10 Negative N/A

22:1 491.3143 78.9591 -80 -10 liS -10 Negative N/A

22:4 485.2674 78.9591 -80 -10 115 -10 Negative N/A

24:0 521.3613 78.9591 -80 -10 liS -10 Negative N/A
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Lyso-PA 24:1 5193456 | 789591 | 80 | 410 | (| 10 | Negative | NA
16:0 483.2728 152.9958 -100 | -10 | -45 -12 Negative N/A

18:1 509.2885 152.9958 -100 | -10 | -45 -12 Negative N/A

18:0 511.3041 152.9958 -100 | -10 | -45 -12 Negative N/A

20:1 537.3198 152.9958 -100 | -10 | -45 -12 Negative N/A

20:4 531.2728 152.9958 -100 | -10 | -45 -12 Negative N/A

22:6 555.2728 152.9958 -100 | -10 | -45 -12 Negative N/A

17:1 (IS) 495.2728 152.9958 -100 | -10 | -45 -12 Negative N/A

Lyso-PG 12:0 427.2102 152.9958 -100 | -10 | -45 -12 Negative N/A
14:0 455.2415 152.9958 -100 | -10 | -45 -12 Negative N/A

18:2 507.2728 152.9958 -100 | -10 | -45 -12 Negative N/A

20:0 539.3354 152.9958 -100 | -10 | -45 -12 Negative N/A

22:0 567.3667 152.9958 -100 | -10 | -45 -12 Negative N/A

22:1 565.3511 152.9958 -100 | -10 | -45 -12 Negative N/A

22:4 559.3041 152.9958 -100 | -10 | -45 -12 Negative N/A

24:0 595.3980 152.9958 -100 | -10 | -45 -12 Negative N/A

24:1 597.3824 152.9958 -100 | -10 | -45 -12 Negative N/A

16:0 496.2681 152.9958 =70 -10 | -30 -15 Negative N/A

18:1 522.2837 152.9958 -70 -10 | -30 -15 Negative N/A

18:0 524.2994 152.9958 -70 -10 | -30 -15 Negative N/A

20:1 550.3150 152.9958 -70 -10 | -30 -15 Negative N/A

20:4 544.2681 152.9958 -70 -10 | -30 -15 Negative N/A

22:6 568.2681 152.9958 -70 -10 | -30 -15 Negative N/A

17:1 (IS) 508.2681 152.9958 -70 -10 | -30 -15 Negative N/A

Lyso-PS 12:0 440.2055 152.9958 -70 -10 | -30 -15 Negative N/A
14:0 468.2368 152.9958 -70 -10 | -30 -15 Negative N/A

18:2 520.2681 152.9958 -70 -10 | -30 -15 Negative N/A

20:0 552.3307 152.9958 -70 -10 | -30 -15 Negative N/A

22:0 580.3620 152.9958 -70 -10 | -30 -15 Negative N/A

22:1 578.3463 152.9958 -70 -10 | -30 -15 Negative N/A

22:4 572.2994 152.9958 -70 -10 | -30 -15 Negative N/A

24:0 608.3933 152.9958 -70 -10 | -30 -15 Negative N/A

24:1 606.3776 152.9958 -70 -10 | -30 -15 Negative N/A

16:0 571.2889 259.0224 -50 -10 | -60 -11 Negative N/A

18:1 597.3045 259.0224 -50 -10 | -60 -11 Negative N/A

18:0 599.3202 259.0224 -50 -10 | -60 -11 Negative N/A

20:1 625.3358 259.0224 -50 -10 | -60 -11 Negative N/A

Lyso-PI 20:4 619.2889 259.0224 -50 -10 | -60 -11 Negative N/A
22:6 643.2889 259.0224 -50 -10 | -60 -11 Negative N/A

17:1 (IS) 583.2889 259.0224 -50 -10 | -60 -11 Negative N/A

12:0 515.2263 259.0224 -50 -10 | -60 -11 Negative N/A

14:0 543.2576 259.0224 -50 -10 | -60 -11 Negative N/A

18:2 595.2889 259.0224 -50 -10 | -60 -11 Negative N/A

20:0 627.3515 259.0224 -50 -10 | -60 -11 Negative N/A

22:0 655.3828 259.0224 -50 -10 | -60 -11 Negative N/A
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Lyso-PI 22:1 653.3671 | 259.0224 | -50 | -10 | -60 -11 Negative N/A
22:4 647.3202 259.0224 -50 -10 | -60 -11 Negative N/A
24:0 683.4141 259.0224 -50 -10 | -60 -11 Negative N/A
24:1 681.3984 259.0224 -50 -10 | -60 -11 Negative N/A
. 570.3454, .
8:0 588.4470 264.2686 180 10 40 10 Positive N/A
) 598.3767, ..
10:0 616.4783 264.2686 180 10 40 10 Positive N/A
_ 626.408, .
12:0 644.5096 2642686 180 10 40 10 Positive N/A
. 654.4393, ..
14:0 672.5409 2642686 180 10 40 10 Positive N/A
) 682.4706, ..
16:0 700.5722 264.2686 180 10 40 10 Positive N/A
) 710.5019, ..
18:0 728.6035 264.2686 180 10 40 10 Positive N/A
) 708.4862, ..
18:1 726.5878 264.2686 180 10 40 10 Positive N/A
» 706.4706 ..
") . )
‘E 18:2 724.5722 2642686 180 10 40 10 Positive N/A
= _ 738.5332, .
5 20:0 756.6348 2642686 180 10 40 10 Positive N/A
9 736.5175
> . . 5 ..
§ 20:1 754.6191 2642686 180 10 40 10 Positive N/A
& 20:4 7485722 | DOAO% | g0 | 10 | 40 | 10 | Positive | N/A
) 766.5645, ..
22:0 784.6661 264.2686 180 10 40 10 Positive N/A
) 764.5488, ..
22:1 782.6504 2642686 180 10 40 10 Positive N/A
] 758.5019, ..
22:4 776.6035 264.2636 180 10 40 10 Positive N/A
. 754.4706, ..
22:6 772.5722 264.26%6 180 10 40 10 Positive N/A
) 794.5958, ..
24:0 812.6974 264.2686 180 10 40 10 Positive N/A
) 792.5801, ..
24:1 810.6817 2642686 180 10 40 10 Positive N/A
696.4862, ..
17:0 (IS) 714.5878 264.2686 180 10 40 10 Positive N/A
16:0 540.535 522.5244 180 10 20 10 Positive N/A
Dihydro 18:1 566.5507 548.5401 180 10 20 10 Positive N/A
Ceramide 18:0 568.5663 550.5557 180 10 20 10 Positive N/A
20:1 594.5789 576.5683 180 10 20 10 Positive N/A
20:4 588.535 570.5244 180 10 20 10 Positive N/A
22:6 612.535 594.5244 180 10 20 10 Positive N/A
25:0 (IS) 666.6758 648.6652 180 10 20 10 Positive N/A
16:0 540.535 522.5244 180 10 20 10 Positive N/A
12:0 484.4724 466.4618 180 10 20 10 Positive N/A
14:0 512.5037 494.4931 180 10 20 10 Positive N/A
18:2 564.535 546.5244 180 10 20 10 Positive N/A
20:0 596.5976 578.5870 180 10 20 10 Positive N/A
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22:0 624.6289 606.6183 180 10 20 10 Positive N/A
Dihvd 22:1 622.6132 604.6026 180 10 20 10 Positive N/A
ihyaro . .
Ceramide 22:4 617.5663 599.5557 180 10 | 20 10 Positive N/A
24:0 652.6602 634.6496 180 10 20 10 Positive N/A
24:1 650.6445 632.6339 180 10 20 10 Positive N/A
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Table MS2: Details for mass transitions for proteomics analyses.

A ion
Sr.No. 1:3:;’;? nuncllc)zsrsf(l)'om Peptide Sequence Precursor Froduct
UniprotKB m/z m/z
1 ASAHI1 QIWV54 LTVFTTLMDVTK 684.88 1055.54
2 ASAH2 Q9JHE3 GNVANVQINR 542.80 814.45
3 GCS 088693 VGLVHGLPYVADR 465.93 460.25
4 GCS 088693 QGFAATLEQVYFGTSHPR 670.33 272.17
5 GBA P17439 WAEVVLSDPEAAK 707.86 515.28
(GLCM)

6 GBA2 Q69ZF3 ISAWQNPVLDDR 707.36 201.12
7 Actin P63260 VAPEEHPVLLTEAPLNPK 652.03 892.48
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