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SUMMARY

Lipid rafts are liquid-ordered membrane domains where specific enzymes
are located. These membrane platforms play crucial roles in a variety of signaling
pathways. Thus, alterations in the lipidic environment, such as those elicited by

oxidative stress, can lead to important functional disruptions in membrane proteins.

In this sense, the dysregulation of the Reactive Oxygen Species (ROS) levels
derived from the impairment of cellular homeostasis can trigger lipid peroxidation,
oxidative modification of proteins, and DNA damage. Mitochondrial electron
transport chain (mETC), as well as certain oxidoreductase enzymes, can be source
of oxidative stress by the production of ROS. Many of these enzymes are located
lipid rafts, being a key players in certain signaling pathways. However, the
difficulties inherent to work with this very specific and scarce fraction of membranes

limit their study.

Cell membrane microarrays (CMMAs) has emerged in the last decade as a
powerful methodology for the study of both lipids and membrane proteins.
Lipidomic and enzymatic activity assays have been successfully performed in
CMMAs. Based on that technology and the importance of liquid-ordered
subdomains, we have developed a printed lipid raft and non-raft platform (raft
membranes microarrays, RMMAs), with preserved native protein structure and

lipidic environment.

To evaluate the differences over lipidic environment in raft and non-raft
subdomains in control, metabolic and oxidative stress conditions MALDI-MS assay
was performed on RMMAs. Raft and non-raft subdomains presented a
distinguishable fingerprint in every condition in both cell types (astrocytes and
neurons). Distinguishable lipid fingerprints were also observed comparing printed
raft subdomains obtained from cells in control, metabolic and oxidative stress
situations. In the same way, raft and non-raft printed domains from control
astrocytes and neurons are also distinguishable. Therefore, the lipidomic data
obtained with this RMMA methodology can be used as a classification tool for

samples of raft and non-raft subdomains with different treatments.

As the lipidic environment is a key aspect for proper physiological enzymatic

activity, changes over lipidome can lead to differences between enzymatic activities.
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To evaluate the differences in enzymatic activities inside the raft domains between
stressed and non-stressed astrocytes, NADH oxidoreductase, GADPH, and
cholinesterase (ChE) activity assays were performed on RMMAs. Higher NADH
oxidoreductase activity in raft domains from metabolically stressed astrocytes was
observed, whereas no differences were observed in Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and acetylcholinesterase activities. By contrast, rafts from
neuronal samples presented high activity of both GAPDH and acetylcholinesterase.
Furthermore, NADH and GAPDH activities revealed a positive correlation between
them and specific phospholipids, but surprisingly not with sphingolipids, one of the
main components of lipid rafts. Thus, these data show the close relationship
between lipidic structure in liquid-ordered domains and enzymatic activities, and
also that both analyses can be performed using a single platform with minimal

amount of sample.

The results presented in this Ph.D. thesis reveal the importance of a proper
lipidic environment in lipid raft domains, and the impact over enzymatic activities,
in two major cell types of the nervous system. This thesis demonstrates the
suitability of this newly-developed technology to make high-throughput analysis of
lipid environment-function relationships in printed RMMAs of neuronal and

astrocyte membranes.
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1 Biological membranes

Biological membranes are a group of structures derived from a combination of
proteins, lipids, and sugar species, organized in two layers or leaflets (reviewed by
Honigmann & Pralle, 2016; Rothfield & Finkelstein, 1968), which are non-
homogenously distributed and present asymmetry in each leaflet (reviewed by
Emmelot & van Hoeven, 1975; Holthuis & Menon, 2014; Honigmann & Pralle, 2016;
Quinn, 2002). The presence of membranes is a key aspect of cellular physiology,
architecture  maintenance (reviewed by Casares etal, 2019), and
compartmentalization of biochemical reactions (reviewed by Honigmann & Pralle,
2016), as they provide a physical barrier between intracellular and extracellular
compartments (reviewed by Chiu, 2012). Membrane formation has been widely
studied using model membranes composed of phospholipids, as they are their major
constituent and can associate themselves spontaneously. The auto-organization of
model membranes can be accomplished in three different states or phases:
hydratated crystal (Lc or high order phase), gel (Lg or disordered phase), and liquid
crystal (Ly or more fluid state)(Matsuki et al., 2019), which can be transformed into
each other (Matsuki etal., 2019). Concerning the lipid component of animal’s
membranes, heterogeneity in lipid states or phases has been observed (A. Lee, 2001)
similar to those described in model membranes.

Liquid-ordered Liquid-disordered
domains domains

*
e

L, 4

Saturated lipids Mono-unsaturated Poly-unsaturated
Cholesterol lipids lipids

Figure 1: Liquid-ordered and liquid-disordered phases produced by different types of
lipids and their degree of unsaturation (Figure adapted from Harayama & Riezman,
2018).

Therefore, depending on lipid composition, this structure can be in a solid, liquid-
ordered (LO), or liquid-disordered state (LD) (reviewed by Honigmann & Pralle,
2016; Owen et al., 2012) (Figure 1). These membrane states (LO and LD) involve

different intrinsic properties such as the level of membrane packing (reviewed by
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Kaiser et al., 2009), lipid composition, permeability (Anderson, 1966), diffusion of
fluid-soluble particles (Almeida et al., 1992), and homogeneity or heterogeneity in
membrane proteins distribution among others. Regarding membrane proteins,
although a general random mixture has been observed due to their diffusion
capacity in plasma membrane, they can also be heterogeneously distributed in
different regions of these membranes, called domains, associated with specific lipids
with different rate of unsaturation (Popov-Celeketic & van Bergen en Henegouwen,
2014). In these domains, proteins decrease their diffusion ability, contributing in this
way to the compartmentalization of membranes in different types of domains, and,
as a consequence, compartmentalization of cellular processes (reviewed by Patel

et al., 2008).

1.1 Membrane proteins

Membrane proteins, which represent up to 30% of protein-encoding genes (Curnow,
2019; Souda et al., 2011), are associated with plasma and organelles’ membranes
(Smith, 2017). These proteins are essential for the maintenance of cell physiology as
they transport nutrients, ions, and residues across compartments, and participate in

inter and intra-cellular communication (reviewed by Chiu, 2012).

A) Electron and
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transporters transporters
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Figure 2: Function and types of different membrane proteins. A) Integral membrane

protein types. B) Peripheral membrane proteins, associated with integral proteins (IP) or

with membranes. C) structures of integral proteins (Figure adapted from Hedin et al., 2011).

Depending on the interaction with the membrane bilayer, proteins can be classified

as integral (partially or fully embedded in the membrane) and peripheral (do not
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pass through the membrane) (Hedin etal, 2011; Ohlendieck, 1996; Smith,
2017)(Figure 2). Integral membrane proteins (IP), which includes receptors,
channels, and transporters (Shinoda et al., 2016) interact with cell membranes (CM)
via their hydrophobic helix structures and their interaction with lipids acyl chain (E.
Cybulski & de Mendoza, 2011). Unlike them, peripheral proteins (PP) interact with
membranes in a reversible way, thus they can be found in soluble or membrane-
bound state. The later state can be mediated by covalent (lipid-anchor) (Larsen
et al., 2022) or non-covalent interactions with the lipid components, which will be
different depending on the leaflet (inner or outer). In the inner membrane leaflet,
anionic-headed lipids, such as phosphatidylserines (PS) or phosphatidylinositol
phosphates (PIP) (Larsen et al., 2022), interact with positively charged aminoacids
(Vorobyov & Allen, 2011). On the other hand, the outer membrane leaflet mainly
present zwitterionic lipids (Vorobyov & Allen, 2011; Wodlej et al., 2019), such as
phosphatidylcholines (PCs) interacting with proteins by electrostatic and other
forces  (Nicolson &  Ferreira de Mattos, 2021), or through a
Glycosilphosphatidylinositol (GPI)-lipid anchors (Critchley et al., 2004). In addition,
the origin and synthesis of each type is different, PPs that associate to the cytosolic
site are generally synthesized in the ribosomes present in the cytoplasm, whereas
extracellular PPs or IPs are synthetized in the endoplasmic reticulum (ER) (Brumley
& Marchase, 1991). After synthesis, the integration of IP in the membrane is carried
out by different pathways, such as signal recognition particle (SRP) dependent
pathway, secretase traslocon (Sec) pathway (Hedin et al., 2011), or mitochondrial

twin-pore translocase (Rehling et al., 2004).

1.2 Membrane Lipids

Lipids are key molecules for function and structure of proteins in cell membranes.
Lipids are organic amphipathic molecules which compose the membranes (reviewed
by Harayama & Riezman, 2018) and are implicated in varied functions like energy
storage (reviewed by Mesa-Herrera etal., 2019), signaling reactions, or post-
translational protein-modifications (reviewed by Harayama & Riezman, 2018). As
described above, asymmetry in membrane lipids has been found between inner and
outer leaflet. Positively charged or zwitterionic phospholipids and sphingolipids are
present in the outer membrane leaflet (Emmelot & van Hoeven, 1975) while
negatively charged phospholipids such as PSs and Pls are present in the inner

membrane leaflet (Op den Kamp, 1979; Sebastian et al., 2012). Lipids interact with
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each other via cohesive and repulsive forces. The later are implicated in the
interaction of phospholipids and water, whereas London-van der Waals forces
(attractive) are implicated in lateral cohesion. Thus, the forces implicated in lipid
membrane cohesion are decisive for proteins lateral diffusion and protein

organization in membrane domains.

LIPID FAMILIES IN MAMMALS

GLYCEROLIPIDS SPHINGOLIPIDS STEROLS

Ceramide Cholesterol ester
Ceramide-1-phosphate
Hexosylceramide

GLYCEROLIPIDS GLYCEROPHOSPHOLIPIDS

Glycerol Glycerol * Lysophaspholipids ; -
2 fatty acids Phosphate unl\fy u]:nlaill—: 1 [arly D,l.hcxowlccmml.de
2 fatty acids acid Tr Iht‘xu&)‘ll’?l'.aml(le
Sphingomyelin
Sulfatide
Diacylglycerol Phosphatidylcholine
Triacylglycerol Phosphatidylethanolamine

Phosphatidylserine
Phosphatidylinositol
Phosphatidylglycerol
Phosphatidic acid

Cardiolipin
Bis(monoacylglycero)phosphate

Figure 3: Principal lipid classes in mammalian cells.

There are four main families of lipids in all animal membranes:
glycerophospholipids (GPs), sphingolipids (SLs), glycerolipids (GLs) and sterols
(STs) (Spector & Yorek, 1985) (Figure 3). Within the families, there are different
molecular compositions, the mixture of those lipids exhibits an asymmetry inside
the membrane (due to the presence of membrane domains) (Gupta et al., 2020) and
between both leaflets. Within a family, lipids can be differentiated by their head
group, number of carbons, and number of double bonds (Figure 4). GPs are the main
constituent of membranes. This family combines g different types of lipid species.
Figure 4 shows the structure of six common GPs, that contains two fatty acids
besides the head group linked to a glycerol molecule. Fatty acids attached to the
glycerol group in GPs usually present a saturated and unsaturated fatty acid in C1
and Cz positions respectively (Ziegler & Tavosanis, 2019). In contrast, Lyso-
glycerophospholipids (LGPs), have lost one of the fatty acid chains. All GPs are found
in plasma and organelle’s membranes, but only cardiolipins (CLs) (not shown)

(Lucken-Ardjomande  Hasler, 2012) and bis(monoacylglycerol)phosphates
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(BMP)(Tengstrand et al., 2010), are specifically enriched in mitochondria and

endosomal-lysosomal membranes respectively (Casares et al., 2019).
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Figure 4: Different types of glycerophospholipids present in cellular membranes.
Phosphatidic acid (PA), Phosphatidylethanolamine (PE), Phosphatidylcholine (PC),
Phosphatidylserine (PS), Phosphatidylinositol (PI), Phosphatidylglycerol (PG). R in figure
refers to fatty acid chain. Every type of GP could be normal GP, ether GP or plasmalogen
(images at the bottom), X represent the headgroup.

Most abundant GPs in human brain are PCs, followed by
phosphatidylethanolamines (PEs), lysophosphatidylglycerols (LPGs), phosphatidic
acids (PAs), and phosphatidylglycerols (PGs) (Ziegler & Tavosanis, 2019). PE ethers
(O-PEs), PC ethers (O-PCs), and plasmalogens are also common in brain tissues
(Chan et al., 2012) (Figure 4). Moreover, plasmalogens are a subclass of GPs whose
alkyl and acyl chains are linked to the glycerol molecule by a vinyl-ether bond to the

first and second positions respectively (Udagawa & Hino, 2022), and are described
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to be a component of lipid raft domains. The second most abundant lipid membrane
components are SLs, a group which comprise 6 main groups of lipids that are
classified by their head group (Table 1).

Table 1: Sphingolipid classification by different head groups. Ceramide (Cer), Ceramide

phosphate (CerP), Sphingomyelin (SM), Hexosylceramide (HexCer), Dihexosylceramide
(Hex2Cer), Sulfatide (SHexCer).

Sphingolipid Head group
Ceramide
Ceramide Phosphate Phosphate
Sphingomyelin Phosphocholine
Hexosylceramide Neutral Sugar molecule
Dihexosylceramide Neutral disaccharide molecule
Sulfatide Sulfated Galactose sugar molecule

The head group can be absent or present and it is composed by one or more
molecules attached to the sphingoid base (sphingosine, the most common,
sphinganine or hydroxysphinganine) (Figure 5). SLs includes Ceramides (Cer),
sphingomyelins (SM), hexosylceramides (HexCer), dihesoxyl ceramides (Hexz2Cer),
and sulfatides (SHexCer).

General structure of Sphingolipids

HG— OM Sphingosine base
Hy

He— 0 T Sphinganine base

TS 1 T Hydroxy sphinganine base

Figure 5: General structure of sphingolipids. Sphingolipids present a sphingoid base that
can be Sphingosine, sphinganine or 4-hydroxysphinganine. Classification of the different
types of sphingolipids are made by its head group (HG in figure).

GLs include mainly diacylglycerol (DG) and triacylglycerol (TG), which are
composed of a glycerol molecule and 2 or 3 fatty acids linked to it, with no head
group. GLs and SLs are also intermediaries in diverse second messenger signaling
cascades, such as the case for lysophosphatidic acid (LPA) or sphingosine-1-

phosphate (S-1-P)(Ghosh et al., 1997). Nevertheless, various GPs can be related to
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different biosynthetic pathways (Figure 6) (Farooqui et al., 2000; Hishikawa et al.,
2014). That is the case for the synthesis of LGPs from GPs in the remodeling pathway
(Figure 6) or the synthesis of PEs, PCs or PSs from DGs in the de novo pathway
(Figure 6), implying the possibility of lipid transformation (Hishikawa et al., 2014).

De novo pathway
-+ CL 4\
CDP-DAG -+ PGP —» PG
G3P - LPA - PA -~ Pl

—+PE

DAG l ~
—+PpC /

PS

Remodeling pathway
CL LCL PE «—— LPE
PG «— LPG ps «— LPS
PI «—— LPI PC «— LPC

Figure 6: Biosynthetic pathways of glycerophospholipids. De novo pathway (up),
glycerophospholipid synthesis from glyceraldehyde-3 phosphate. Remodeling pathways
(down) glycerophospholipids processed to obtain lysophospholipids. Abbreviation:
Glyceraldehyde-3-phosphate (G3P); Lysophosphatidic acid (LPA); phosphatidic acid (PA),
diacylglycerol (DAG), Cytidine diphosphate - diacylglycerol (CDP-DAG), cardiolipin (CL);
glycerophosphoglycerol phosphate (PGP), glycerophosphoglycerol (PG),
glycerophosphoinositol (PI), glycerophosphoethanolamine (PE), glycerophosphocholine
(PC), glycerophosphatidilserine (PS). Abbreviations mentioned before preceded by an L
(LCL, LPG...) are lysoglycerophospholipids of the molecules mentioned. (Figure adapted
from Hishikawa et al., 2014).

Finally, STs are a group of organic compounds derived from isoprenoids. Sterol lipid
family can directly interact with GPs and proteins and serves as metabolic precursor
of steroid hormones. STs also have a key role in the regulation of membrane
structure, permeability and in some hormones signaling pathways (L. Yu et al., 2021).
Cholesterol, the most abundant sterol, is present in different amounts depending on
the membrane. The range varies from 5% in mitochondrial membranes to 40 % in
plasma membrane (Chakraborty et al., 2020). It can be found in free form (mainly
associated to the cytosolic leaflet) or esterified to long-chain fatty acids forming
cholesterol esters (CEs). CEs can interact with acyl chains from other lipids and the
membrane properties (Marquardt et al., 2016), in particular fluidity, that affect ion
channels, and modulates signal transduction processes (Eckert et al., 2003; Gimpl

et al., 1997). Distribution of intra-membrane cholesterol is strictly regulated,
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however changes in the abundance of cholesterol are related with ageing processes.
In this sense, the ratio between cholesterol and phospholipids is crucial to maintain

a correct fluidity in neuronal membranes (Eckert et al., 2003).

2 Membrane domains: Lipid rafts

The combination of GPs, SLs, GLs, and cholesterol constitute the complete lipidome
that can be organized in liquid-ordered and disordered domains within membranes
(Lu & Fairn, 2018). To form the domains, lipid associations are influenced by the
cytoskeleton, specific proteins, and electrostatics forces (Lu & Fairn, 2018). Those
domains can be classified by their size as lipid ligands, lipid shells, nanodomains,
diffraction limited structures or visible structures (Figure 7). Although, in those
groups there are different classification depending on their characteristics such as

the shape, lipid and protein composition.

Lipid modification Diffraction Visible
Lipid ligands Lipid shells Nanodomains limited structures  structures
Ion channels Tetraspannins K-Ras Caveolae Immune synapses
PDZ domains  GPI-linked H-Ras Flotillin Phagocytic synapses
Hedgehog proteins Cawvi1 clusters CCPs Cilia
Podosomes

Figure 7: Length scale of cholesterol and other lipids assemblies in the plasma
membrane (Figure adapted from Lu & Fairn, 2018).

Membrane raft microdomains, also known as lipid rafts, are heterogeneous and
metastable (Kusumi et al., 2020) domains with a dynamic structure (George & Wu,
2012), enriched in SLs and cholesterol (Simons & Ikonen, 1997). raft domains, can
reach between 10 and 200 nm, because small raft can be stabilized into larger
platforms (Schmid, 2017). Those domains correspond with the diffraction limited
structured defined by Lu & Fairn (2018) and more specifically with flotillin enriched
domains (Figure 7). Their main characteristic apart from its composition and their
resistance to detergent disruption (Levental et al., 2010), is the reduction of lateral
mobility, forming an LO domain. rafts are present in the external part of the plasma
membrane leaflet (reviewed by Patel et al., 2008), in endosomal compartments of
yeast, and could be found in mammalian cells endosomes (Diaz-Rohrer et al., 2014;
Levental et al., 2010). In addition, raft-like domains have been observed in various

organelles, such as the ER (Browman et al., 2006) or mitochondria (Sorice et al.,

10
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2009). Raft formation can be produced by lipid-lipid interactions via different
mechanisms based on the phase separation or the dynamic heterogeneity (Baoukina
et al., 2017), such as membrane recycling (Schmid, 2017). Most relevant interactions
take place between saturated lipids, SLs and STs rather than cis-unsaturated lipids
(substituent groups in the same direction) (Alves et al., 2018; Levental et al., 2020).
Cis-unsaturated lipids interact more loosely with ST molecules than trans-
unsaturated ones (substituent groups in opposite directions) (Alves et al., 2018),
which have a larger contact area. However, in mammalian membranes, it is more
common to have different fatty acids in the same GP: one saturated and one
unsaturated (Levental etal, 2020), thus in disordered phases highly
polyunsaturated GPs and very short lipids are observed (Alves et al., 2018). Beside
cholesterol-SL and cholesterol-ganglioside (ceramides with a sugar molecule)
(Figure 8a) lipid-protein interactions also play roles in the regulation of the lipid raft
domain. Moreover, lipid raft structure and size can change through protein-protein
or protein-lipid interactions. Some of these interactions are protein-SL and protein-
cholesterol binding motifs that can regulate raft distribution (Figure 8b). On the
other hand, covalent attachment of palmitic acid to cysteine, serine or threonine
amino acids (also known as palmitoylation) (J. Jin et al., 2021) in lipid raft domains
was described to be a mechanism for lipid raft recruitment to synaptic sites (Figure
8c). Non-enzymatic-driven reactions are also responsible for lipid raft structure. In
this sense, hydrophobic mismatch between longer saturated lipids and shorter
unsaturated lipids inside and outside rafts can regulate the size of coexisting
domains (Figure 8d) (Sezgin et al., 2017).

a lipid/lipid interactions b lipid/protein interactions
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Figure 8: Main interactions in lipid raft domains. A) Lipid-lipid interaction between
sphingomyelin and cholesterol. B) Lipid-protein interaction through cholesterol-binding
motifs. C) Lipidation of proteins by the addition of fatty acid to a scaffold protein, such as
palmitoylation. D) Hydrophobic mismatch interactions. Abbreviations: TM: trans-
membrane, TMD: trans-membrane domain. (Figure obtained from Sezgin et al., 2017).
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2.1 Raft proteins

Depending on the protein composition there are a variety of subtypes of
microdomains, such as caveolae or clathrin-coated pits that has specific proteins (Lu
& Fairn, 2018; Patel et al., 2008) or even lipid raft domain without proteins (Lucero
& Robbins, 2004). Generally, raft domains present an enrichment in different protein
classes that can be classified in three categories: scaffolding proteins, proteins
integrated into the LD phase, and shifting proteins that go in and out the
microdomains (Mesa-Herrera et al., 2019). Raft platforms can recruit or exclude
signaling proteins, kinases, and phosphatases as a response to certain intra or extra-
cellular stimuli (Martellucci et al., 2020). The protein integration in lipid rafts is
dependent of specific protein-lipid interactions (Diaz etal., 2015), as these
microdomains are highly regulated by lipid metabolism changes, receptor activation
and cytoskeleton interactions (Sviridov etal., 2020). Raft proteins include
glycosylphosphatidylinositol (GPI)-anchored proteins, specific members of src-
kinases family (Van Der Goot & Harder, 2001), platelet-derived growth factor
(PDGF) receptors (Alves etal., 2018), and various types of G protein-coupled
receptors (GPCR) protein among others (Patel et al., 2008). GPCR can be located in
lipid raft domains via cysteine-palmitoylation, also protein G a-subunits are present
in lipid raft domains through fatty acylation and caveolin-interaction mechanisms
(Barnett-Norris et al., 2005). These receptors are associated with a variety of
signaling pathways, such as the endocannabinoid system (Barnett-Norris et al.,
2005). Cyclooxygenase (COX) 2 is localized in lipid raft and caveolae domains,
making its inhibition a target for some anti-inflammatory drugs (Tsuchiya &
Mizogami, 2020). Fas death receptors can be present in raft domains (Castro et al.,
2011; Gajate & Mollinedo, 2015), and promote other receptors to co-cluster and
activate apoptotic pathways (Gajate & Mollinedo, 2014). But not only apoptotic
pathways, survival signal pathways including insulin-like growth factor-
I/phosphatidylinositol 3-kinase (PI3K/Akt) are also found in raft microdomains
(Gajate & Mollinedo, 2015). Moreover, acetylcholinesterase (AchE), a protein which
performs the hydrolysis of acetylcholine neurotransmitter (D. Hicks et al., 2011), can
be in rafts and stay linked to GPI molecules (Moral-Naranjo etal., 2008) an
interaction required for certain neural functions (D. Hicks et al., 2011). Lastly,
flotillin also named reggie protein is a transmembrane protein that has two isoforms

(flotillin-1 and 2) (Figure 9). Flotillin has a wide tissue distribution, especially
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enriched in brain, heart, lung and placenta, and low in liver and pancreas (Banning
et al., 20m). It is specifically located in lipid rafts, making it a raft biomarker (Banning
et al., 2011; Yokoyama & Matsui, 2020) implicated the correct functioning of raft
domains, signal transduction, organization, membrane trafficking (Yokoyama &
Matsui, 2020) and activation of receptors inside and outside of the domains (Alves
et al., 2018). The integration of flotillin-1 into raft microdomains may be due to the
Golgi-independent and stomatin/prohibitin/flotillin/HfIK/C domain (SPFH)
dependent way (Banning et al., 2011; Morrow et al., 2002) (Figure 9).
reggie-1/flotillin-2
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Figure 9: Domain structure of human flotillins-1 and 2. (Figure obtained from Banning
et al., 2011).

Other proteins, associated to lipid raft domains are lipid-binding proteins such as
apolipoprotein D (ApoD) and E (ApoE). On one hand, ApoD has been described as
a peripheral protein that interacts with raft domains (del Cafio-Espinel, 2014; Pascua
Maestro, 2018) and can act as an antioxidant protein reducing free radical-
generating lipid hydroperoxide molecules (Bhatia et al., 2012). On the other hand,
ApoE can transport lipids through lipoprotein complex formation (S. [. Lee et al,,
2021). The different isoforms of this protein have been related with alteration in lipid

raft structural components (Ighavboa et al., 2005; S. I. Lee et al., 2021).

Proteins in raft domains can assemble forming macromolecular complexes,
changing their functional properties in response to changes in metabolic conditions

(Sviridov et al., 2020) which can lead to a dysregulation.

2.2 Raft lipids

Originally, rafts are formed by the interactions between cholesterol and SLs, being

SMs the main component of these domains. In model membranes raft and raft-like
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domains, can contain saturated GPs, or gangliosides (Sezgin etal., 2017). The
requirement of cholesterol for raft formation entails the necessity of higher
cholesterol content. In plasma membranes, concentration around 35 to 45% is
needed to ensure lipid raft normal functionality, however, concentrations under 25%
maintains the lipid raft structure but its functionality is compromised (Kusumi et al.,
2020). In this sense, as other organelles such as ER are poor in raft-forming lipids it
is less probable that they contain raft-like structures (Levental et al., 2020), however
raft microdomains in mitochondria associated membranes has been reported
(Garofalo et al., 2016). In regard to SLs, not only SMs have importance in lipid raft
formation, but also ceramides. An increase in the production of this lipid is related
with the consumption of SMs (Dohr etal., 2001) through the action of acid
sphingomyelinase (SMase) activated by PC-specific phospholipase C (PC-PLC)
(Cuschieri & Maier, 2007; Schiitze et al., 1992). In this sense, the ceramides can form
their own ceramide-enriched domains which can coalescence to form larger
platforms or displace cholesterol from its interaction with SMs (Castro et al., 2014).
Cholesterol displacement results in ceramide-rich cholesterol-poor rafts, an
alteration affecting protein associations to these rafts (Megha & London, 2004). In
this sense, lipid environment in cell membranes leads to lipid raft microdomain
formation, whose activity as signaling platforms is a key aspect for homeostasis
maintenance of different cell types, such as neurons. This homeostasis maintenance
is performed by lipid mediators derived from GPs, SLs, and cholesterol, as well as
transporters and different enzymatic pathways. However, some alterations in the

lipid environment can lead onto changes affecting both raft and non-raft domains.

Another factor altering the structure and function of lipid rafts is the exposure to
oxidant molecules, that can alter the lipidome, producing lipid peroxidation and
externalization of PSs (Cuschieri & Maier, 2007), an important event for apoptosis
(Adayev et al., 1998). In general, lipid peroxidation alters the composition, structure,
and assembly of the lipids inside cellular membranes (Gaschler & Stockwell, 2017),
as oxidant molecules can react with head groups and even destroy them (Yusupov
et al., 2017). Lipidome alterations directly affect certain lipid second messengers or
mediators that modulate divers enzyme activities, immune responses, mitogenesis,

apoptotic pathways, and susceptibility to oxidative stress (Frisardi et al., 2011).
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3 Importance of membranes and their lipid raft in the
nervous system

3.1 Lipid raft in disease

3.1.1 Raft domains in neurodegenerative diseases

Regarding neurodegenerative diseases, it has been observed that lipid homeostasis
is altered in pathologies such as Alzheimer disease (AD) and Parkinson’s disease
(PD)(Mesa-Herrera et al., 2019). Modifications in lipid raft organization can alter
membrane’s local microenvironment (Marin et al., 2016) and entail disturbances
over its functionality, particularly in neurotransmission, neurotransmitter signaling,
or protein clustering, among others. Alteration of these processes can contribute to

neuropathological events (Diaz et al., 2018).

AD, it is a neuropathology that is characterized for cortical atrophy, loss of motor
and cognitive skills, and formation of amyloid plaques and neurofibrillary tangles.
Furthermore, in addition to macroscopic changes, brain tissue of AD patients
presents alterations of GPs and cholesterol metabolism, that can affect other
pathways or even mitochondrial activity (Mesa-Herrera et al., 2019). Nevertheless,
the amyloid cascade hypothesis blames amyloid-f (AB) oligomerization and its
accumulation as the principal factor of AD pathogenesis. In this sense, amyloid
precursor protein (APP), a transmembrane protein present in lipid raft domains
(Arbor et al., 2016; Wahrle etal., 2002), can produce the soluble amyloid Aa
(physiological) or the AP peptide that triggers amyloid plaques (pathological)
(Figure 10), depending on the action of a secretase or - and y-secretases, also found
in lipid rafts (S. I. Kim et al., 2006; Vetrivel et al., 2004). In this sense, cholesterol, as
a major component of raft domains, has been found to be increased in brain tissue
of AD patients, as well as in amyloid plaques (Marquer et al., 2011). In fact, APP
integration in lipid rafts seems to be dependent on cholesterol concentration (D. A.
Hicks etal., 2012), as this protein contain Cholesterol Recognition/interaction
Amino acid Consensus sequence (CRAC) domains (Diaz et al., 2015), which bind
cholesterol molecules (Marquer et al., 2011). Furthermore, APP protein in raft
domain can be modified with a palmitic moiety, which may enhance the AP

production and oligomerization, as described by Mesa-Herrera (2019) (Figure 10).
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Figure 10: Schematic representation of APP palmitoylation modulating both APP
processing and Af generation in lipid rafts. (A). Without APP palmitoylation BACE1
(red) in lipid rafts cleaves APP at the B-cleavage site. (B) When APP is palmitoylated (pal-
APP), exhibits a palmitic moiety (orange), and is recruited to lipid rafts. This may produce
an increase in B-amyloid production and oligomerization (Figure obtained from Mesa-
Herrera et al., 2019).

SMs also presented changes in AD-affected brains. In this sense, SM metabolism
pathway is altered leading to a decrease of SMs and S-1-Pand an increase in
ceramides. This increase can be produced by the activation of acid and neutral
SMases by AB4o and AB42 as described by Malaplate-Armand et al. (2006). Changes
in the amount of ceramides, can lead onto cholesterol exclusion, as described above,
which fluctuation can modulate y-secretase activity (Wahrle etal., 2002).
Additionally, higher ceramide presence changes membrane physical properties by
activation of cytosolic phospholipase A2 (cPLA2)(Frisardi et al., 2011), as well as by
promotion of interleukines IL-2 and IL-6 (Haughey et al., 2010). Those changes, in
particular IL-6 levels has been related with an increase in APP synthesis

(Vandenabeele & Fiers, 1991).

In Parkinson’s disease, a-synuclein (a-syn), a highly conserved neural protein that
is the major component of Lewy bodies, interacts with raft domains (Kubo et al.,
2015). The interaction is based on the presence of PSs preferently containing oleic
acid and a polyunsaturated fatty acid. Moreover, a-syn protein can oligomerize
inside lipid raft domains forming a calcium channel called amyloid pore (Di Scala
et al., 2016; Yahi et al., 2022). Oligomerization process is controlled by gangliosides
and cholesterol (Jakubec et al., 2019), one of the major components of raft domains.
Other PD-related proteins are LRRK2 and DJ-1 proteins. LRRK2 is located in lipid
raft domains and has been found to be altered in brain regions associated with PD
(caudate-putamen, and substantia nigra) (Higashi et al., 2007). LRRK2 mutants can
alter the lipid raft normal function (Kubo et al., 2015) which contributes to the

pathogenesis of PD (Hatano et al., 2007). On the other hand, DJ-1 proteins is a raft
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associated protein (Nash et al., 2017) that belongs to THiJ/Pfp1/DJ-1 family which

mutations are PD related (Kubo et al., 2015).

Prion diseases are a set of disorders characterized by the transformation of
physiological proteins to abnormally folded/shaped proteins (known as prions or
PRPSC) which are protease resistant (Baldwin & Correll, 2019). Cellular form of prion
protein (PRPC) is a type of GPI-anchored glycoprotein mainly expressed in central
and peripheral nervous systems (Martellucci et al., 2019; Mattei et al.,, 2017) and
located in lipid raft domains (Lewis & Hooper, 2011). In this sense, lipid raft
microdomains are associated in the physiological to pathological transformation of
prion proteins (Y. C. Kim et al,, 2021). Furthermore, it is involved in numerous
cellular processes, including synaptic plasticity, neurite regulation, apoptosis,
resistance to oxidative stress among others (Martellucci et al., 2019). Despite the
effects over different signaling pathways or cellular processes, lipids such as PEs (Y.
C. Kim et al., 2021) or cholesterol (Hannaoui et al., 2014) seem to be also involved in

PRPSC formation.

3.1.2 Raft domains in cancer

Even though lipid raft-related problems have been reported mainly in
neurodegenerative pathologies, this signaling platform domain has important roles
in several other diseases, such as cardiac diseases (Das & Das, 2009), cancer

(Mollinedo & Gajate, 2015) or aging (Mesa-Herrera et al., 2019).

In relationship to cancer development, lipid rafts are implicated in cell proliferation
and survival pathways such as the PI3K/Akt and Insulin-like growth factor (IGF)
system pathway (Figure 11) , but also with pro-apoptotic pathways. In this sense,
death receptors have been shown to be recruited to lipid rafts, such as CDg5 or Fas.
Those receptors can recruit Fas-associated protein with death domain, which
initiates an apoptotic cascade (B. Li etal., 2022) However, rafts are not only
implicated in cell survival but also in cell migration and adhesion, essential in cancer
metastasis, e.g.: CD44 signaling pathway. In tandem with this, higher levels of
cholesterol have been reported in cancer cells and their lipid rafts (Li et al., 2022; Li
et al., 2006; Mollinedo & Gajate, 2020). The regulation of cholesterol plays a key role
in the correct lipid raft assembling and signaling, as its depletion leads to a
dysfunctional raft. This disfunction affects Akt inactivation in cancer cells (Y. C. Li

et al.,, 2006), and mesenchymal-epithelial transition factor (c-Met) signaling may
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also be compromised. Additionally, raft domains’ quantity is disparate from one
cancer to another, being breast and prostate cancer the ones with more lipid raft

domains (Y. C. Li et al., 2006; Mollinedo & Gajate, 2020).
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Figure 11: Schematic model of raft-mediated IGF-IR/PI3K/Akt signaling in the
generation of cell survival and antiapoptotic signals (Figure obtained from Mollinedo &
Gajate, 2015).

3.2 Oxidative stress and reactive oxygen species formation

Oxidative stress has been related with the development of a variety of diseases, from
aging or neurodegenerative diseases to autoimmune disorders or cancer among
others (Islam, 2017). Oxidative stress is the result of the overproduction of reactive
species or free-radicals over the anti-oxidant defenses. Free-radicals formation is a
physiological process that comprises a variety of pathways and antioxidant control
mechanism, which might dysregulate leading into an imbalance between oxidant
and antioxidant compounds (Checa & Aran, 2020). This pathological process, known
as oxidative stress, entails a macromolecular damage (Jones, 2008) that impairs
healthy aging (Vatner et al., 2020). Oxidative stress can be produced by reactive
oxygen species (ROS) formation, a group of radical and non-radical oxygen species
which forms upon incomplete oxygen reduction (Ray etal., 2012). ROS can be
generated by a variety of enzymatic mechanisms, such as NADPH oxidase (NOX)
enzyme family (Yang & Lian, 2020), monoamine oxidase (MAO)(Youdim et al.,
2006), dual oxidase (DUOX)(Lambeth, 2004), peroxisomes, cytochrome P450
enzymes (He et al., 2017) and the mitochondrial electron transport chain (mETC)
(Brieger et al., 2012; Kudryavtseva et al., 2016), which is the main ROS source (Dan

Dunn et al., 2015; Elexpe et al., 2021, 2022; He et al.,, 2017). More in detail, NOX
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enzyme family is located in a variety of tissues including brain, specifically NOXz2,
NOX3, and NOX 4 are expressed in nervous system (Bedard & Krause, 2007). In
addition, MAO enzymes (MAO-A and MAO-B) also present in brain tissue and
located in the mitochondrial outer membrane are related with PD (Mallajosyula
et al., 2008) and Alzheimer disease among others (Chaturvedi & Beal, 2013).
Monoaminoxidase main activity is the oxidation of its substrate accompanied by the
reduction of oxygen to H.O, (Antonucci et al., 2021; Tipton, 2018). The accumulation
of this toxic sub-product provokes the damage of different cells, including neural
(Fan et al., 2019; Tipton, 2018), and astrocytic cells such as the ones present in the
substantia nigra (Mallajosyula et al., 2008). Furthermore, as the brain has a high
metabolic rate, a low cellular regeneration capacity and a lack of enrichment in
antioxidant defenses its cells are particularly susceptible to be damaged by oxidative
stress (He et al., 2017). In addition, high oxidative damage has been reported in
Alzheimer disease, and closely correlated with amyloid and tau pathologies (Chen

& Zhong, 2014).

A major source of ROS is the mitochondrial electron transport chain or respiratory
chain. It constitutes an oxidative phosphorylation (OXPHOS) system that ends in
ATP generation (Annesley & Fisher, 2019; Chenna etal., 2022). The mETC is
composed of four different complexes (from I to IV, see below) (Figure 12) which
transport electrons through them (reviewed by Angelova & Abramov, 2018) and a
fiftth complex, the ATP synthase, which uses the electrochemical gradient to
generate ATP molecules. Electrons are taken from different substrates from
tricarboxylic acid cycle (TCA) or beta oxidation (Hirst, 2013), such as NADH (Rich &
Maréchal, 2010) or succinate, used by complexes I and II respectively. Electron flows
through the different complexes generate a proton transfer from the mitochondrial
matrix to the intermembrane space, producing a transmembrane potential
(reviewed by Angelova & Abramov, 2018). Generally, electrons that enter from
complexes I or II are transferred to coenzyme Q (CoQ), and then they are donated
to complex I1I and subsequently, to cyt c and complex IV. This whole process, known
as mitochondrial respiration (reviewed by R.-Z. Zhao et al., 2019), can also produce
reactive oxygen species by two mechanisms: the premature leak of electrons from
complexes I to Il or the reverse electron transport (RET) produced in complex I (see
below)(reviewed by Nolfi-Donegan et al., 2020). Mitochondrial reactive oxygen

species has been related to various pathologies, such as neurodegenerative diseases
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(Lin & Beal, 2006), aging (Boveris & Navarro, 2008), and cancer (Costa et al., 2014;

Hadrava Vanova et al., 2020).
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Figure 12: Mitochondrial electron transport chain complexes and inhibitors. The
specific inhibitors (text in red) are rotenone (complex I), antimycin A (complex III), and
sodium azide (complex IV).

Complex I. It is a group of enzymes located in the mitochondrial inner membrane,
which main protein is NADH-ubiquinone oxidoreductase, which oxidizes NADH to
NAD+ with parallel reaction of ubiquinone transporter reduction to ubiquinol (QH,)
(Hirst, 2013; reviewed by Murphy, 2009). Complex I is composed by a main protein,
the NADH dehydrogenase, that has 14 conserved core subunits in eukaryotes and up
to 45 in mammals’ case due to the content of accessory subunits (Carroll et al., 2002,
2006; Hirst et al., 2003; Sousa et al., 2018). Complex I has been related to oxidative
stress conditions as is the main source of ROS production inside the mitochondria
(Sousa et al., 2018). ROS are produced by the leak of electron and its reaction with
oxygen to form a superoxide molecule (O,*”), which can produced in the FMN
cofactor or in the ubiquinone (Q) binding site (Murphy, 2009) (Figure 12) and its
dependent on the ratio NADH/NAD+ (reviewed by Nolfi-Donegan et al., 2020).
Other mechanism for ROS generation is the reverse electron transport, that only
occurs when the Q transporter is highly reduced and electrons are going backwards
from reduced form of Q transporter (QH.) back to mETC complex I (reviewed by

Nolfi-Donegan et al., 2020; Scialo et al., 2017).

Complex II. Complex II is composed of Succinate dehydrogenase (SDH) A, B, C and
D subdomains, that catalyze the transformation of succinate to fumarate (Huang &
Millar, 2013) inside Kreb’s cycle and is one of the entrances of electrons in the mETC

(Bezawork-Geleta et al., 2017). SDH subdomains C and D are embedded in the inner

20



INTRODUCTION

membrane of mitochondria , subdomain A is anchored to them and, B is protruded
into mitochondrial matrix (reviewed by Bezawork-Geleta et al., 2017). SDHA is the
first electron acceptor of the complex and start the oxidation of succinate, whereas
C and D subdomains mediates the ubiquinone oxidoreductase activity (SQR)
(Schwall et al., 2012). The production of ROS by this complex is not as much as in
complexes [ and III (main sources of ROS in the mETC), however its production has
important implications in physiology and pathology (reviewed by Hadrava Vanova
et al., 2020). The ROS production in complex II occurs by the uncoupling of SDH

and SQR activities (Schwall et al., 2012).

Complex I11. Mitochondrial complex III, also known as cytochrome bc,, is an homo-
dimeric complex (reviewed by Stephan & Ott, 2020) that transfers electrons from
reduced ubiquinol (QH.) to cyt c. Complex III has three highly conserved subunits
and up to 8 accessory subunits (Trumpower, 1991), all of the enzymes that make up
the complex Il are PP proteins, except the cytochrome b (Sousa et al., 2018). Complex
[II dimers can interact with complexes I and IV to form mitochondrial
supercomplexes (see below). Regarding ROS generation, the leak of electrons in this
complex results in the generation of superoxide, similarly to complex I. This mETC
complex has the particularity of emit superoxide to both sites of the mitochondrial
inner membrane (intermembrane space (IMS) and mitochondrial matrix). In the
IMS the superoxide molecules are transformed into H.O,, a second messenger in
signaling pathways (Banerjee et al., 2022). The ROS production can be enhanced by
the inhibition of the complex, caused by Antymicin A (Figure 12)(Bleier & Drose,

2013), stigmatellin or myxothiazol (Degli Esposti et al., 1993).

Complex IV. This complex of the mETC also knowns Cytochrome c oxidase (CCo)
is the terminal complex (Y. Li et al., 2006) of the mETC, it has 14 different subunits
in mammal mitochondria (Sousa et al., 2018), being 3 of them which transport the
electrons to catalyze the reduction of oxygen to H.O. In total, 4 electrons are
transferred from the cytochrome c to the di-oxygen molecule and 4 protons are

translocated from the MM to the IMS (R.-Z. Zhao et al., 2019).

Supercomplexes. Furthermore, complexes I, III and IV can be associated forming
mitochondrial supercomplexes or respirasome (Formosa et al., 2018; Lenaz et al,,
2016). Respirasome is the supercomplex association that contains the minimal

complexes required for mitochondrial respiration (LIILIV,), although other types of
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supercomplexes with different number and type of complexes can be detected
(Althoff et al., 2011; Sousa et al., 2018). In some tissues, such as bovine heart, it has
been observed that a third of complex III quantity and the 85 % of the complex IV
exist as free enzymes whereas all complex I forms the supercomplex superstructure
(Schagger & Pfeiffer, 2001). Structural evidence of mitochondrial supercomplexes
has been reported, additionally, oxidative stress-related pathologies have alteration
of supercomplexes (Lenaz etal., 2016). The reorganization of the mETC in
supercomplex structure can be produced to enhance the catalytical activity of the
mETC by two major mechanisms: reduction of substrate diffusion distance and

specific substrate channeling (Schagger, 2001).

Cytochrome P450 (CYP) can be another source of ROS in presence of certain
molecules such as paraquat (PQ). In this sense paraquat toxic effects are related to
oxidative stress, by the generation of ROS through paraquat mono-cation (PQ")
reduction or the inhibition of mitochondrial complexes (Blanco-Ayala et al., 2014).
CYP is an enzyme part of the heme-containing monooxygenases family which has
been found in brain, retina, and trabecular meshwork among others (Song et al.,
2022). CYP family catalyzes diverse reactions, including reduction, desaturation,
ester cleavage, and rearrangement of fatty acids, and are implicated in metabolic
homeostasis (Guengerich, 2001), and leukotriene metabolism (Dobon et al., 2019).
More in detail, CYP1B1 enzyme carried out the catalysis of xenobiotic in a NADPH-
dependent phase, however alternative version of this CYP use NADH as a co-factor

(Dohr et al., 2001).

3.3 Antioxidant systems

Levels of ROS are maintained in a physiological level by the action of endogenous
or exogenous antioxidants. Antioxidant systems are the main defense against
oxidant molecules, by inhibiting the electron transfer from one molecule to another
(Oyewole & Birch-Machin, 2015). Antioxidants can be categorized as endogenous or
exogenous, being the first group enzymatic antioxidants (superoxide dismutase,
Glutathione peroxidase, and catalase) and non-enzymatic antioxidants (glutathione,
vitamin E, and bilirubin)(Oyewole & Birch-Machin, 2015; Shindo et al., 1994).
Concretely, vitamin E or its predominant form o-tocopherol has lipoperoxyl radical
scavenging activity (Jiang, 2014; Niki & Noguchi, 2021; P.-Y. Zhang et al., 2014). This

antioxidant compound has an effective mechanism against oxidation mediated by
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free radicals (Niki & Noguchi, 2021; P.-Y. Zhang et al., 2014), which consists in the
donation of a hydrogen atom to lipoperoxyl radicals, generating their own radical

(Miyazawa et al., 2019).

3.4 Oxidative stress and lipid rafts

Redox molecules, such as ROS, can alter lipid raft signaling platforms by the
activation of PI3k/Akt pathway and ERK 1/2 by H.O, or by the enrichment of
ceramides due to superoxide molecules (S. Jin et al., 2011). Indeed, oxidative stress is
a complex mechanism which produces several changes that can be related with
membrane rafts in pathologic conditions. In this sense, oxidative stress can up-
regulate PS1 proteins that can promote y-secretase activity and therefore the
production of AR (Wong et al., 2019). However, the main effect of oxidative stress

on lipid rafts is the lipid peroxidation of certain species.

Lipid peroxidation is a physiological chain reaction process that can turn out into
pathological and affect cell membranes and other lipid-containing structures
(Kudryavtseva etal., 2016). Most common targets for this process are
polyunsaturated fatty acids (PUFAs) present in GLs, GPs and cholesterol
(Anthonymuthu et al., 2016). In contrast, more resistance to free-radical attack has
been observed in monounsaturated and saturated fatty acids (Halliwell & Chirico,
1993). This oxidation reaction can take place due to enzymatic and non-enzymatic
mechanisms (Girotti, 2021). An example of enzymatic mechanism is the
peroxidation reaction produced by lipoxygenases (LOX), cyclooxygenases (COX),
cyt ¢ (Niki, 2008) or cytochrome P450 (Gaschler & Stockwell, 2017; Senoner & Dichtl,
2019). On the other hand, the main non-enzymatic mechanism for lipid peroxidation
is mediated by oxygen free radicals (Ramana et al.,, 2014), such as superoxide or
hydroxyl radicals among others (Halliwell & Chirico, 1993). This reaction, if
produced inside raft domains, can disrupt them and provoke functional and

structural changes affecting different signaling pathways (Morris et al., 2016).
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4 Analytical techniques used to study whole membranes
in microarrays

4.1 Printing membrane microarrays

Cell membrane microarray (CMMA) technology has been successfully applied to the
simultaneous characterization and analysis of lipid fingerprints in samples from
different species, in both tissues and cell cultures (Fernandez etal., 2019). In
addition to lipidomic analyses, this technique can be combined with enzymatic and
immunochemistry assays as the proteins remain active and in their native form. The
CMMA technology has already been used combined with autoradiography (Manuel
et al., 2015) and mitochondrial activity colorimetric assays (Elexpe et al., 2021), being
a powerful tool for drug screening and the identification of possible drug side effects

in early stages of drug discovery process (Elexpe et al., 2022).

4.2 Lipidomic analysis in cell membrane microarrays

Mass spectrometry (MS) is an analytical technique used to measure the mass to
charge (m/z) ratio of ions. This technique combined with matrix assisted laser
desorption/ionization (MALDI) methodology, has been successfully applied to the
analysis of scarce membrane samples printed on CMMAs, as the printed spots
maintain a representative lipidome of the original membranes (Fernandez et al.,
2019), and overcome previous technological limitations (Lai et al., 2016). In addition,
data acquisition time is significantly reduced compared to standard bulk MS analysis
due to the size of the printed spots and the reduction of the laser shots required for

the analysis (Ferndndez et al., 2019).

The mass spectrometer is formed by three components: the ion source, the mass

analyzer and the detector.

Ion source. The ion source is a part of the mass spectrometer which ionizes the
analyte converting it from liquid or solid state to a gas phase. The gas-phase ions,
can be easily manipulated by magnetic or electric fields and transported to the mass
analyzer. There are four main types of ionization depending on how the type of

ionization and the sample used:

e Electronionization: Used in MS for organic molecules in solid or gas phase,

the electrons interact with the atoms to produce ions (Griffiths, 2008).
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e Chemical ionization: There are a variety of methods for chemical
ionization, but only ion attachment is used for mass spectrometry assays.
The analyte molecule get attached to a cation by a reactive collision (Selvin

& Fujii, 2001).

¢ Gas-discharge ion sources: This ion sources use a plasma source or an
electric discharge to ionize the analyte. In mass spectrometry microwave-
induced plasma ion source is used to create ions for trace elements

(Okamoto, 1994).

e Desorption ionization: The neutral molecules in solid state are gasificated
and ionized, detaching the molecules from the surface. The most common
desorption ion source is MALDI source (explained below) (Usmanov et al.,

2017).

Mass analyzer. The ions are sorted and separated according to a m/z ratio, using
electric or magnetic fields, depending on the analyzer. The most common mass

analyzers are:

¢ Time of flight (TOF): uses electric field and charges the ions with the same
charge, for accelerating the ions and measure the time it takes them to reach
the detector. Lower mass ions will reach the detector before higher mass ions

(Wollnik, 1993).

e Ion trap: the ions are trapped by electrostatical forces around the trap,
depending on the type of trap, they can be ejected sequentially (quadrupole)
or trapped in an orbit around an electrode (orbitrap). The m/z is calculated
using the excitation voltage frequency or the orbit frequencies (orbitrap)

respectively.

Detector. Finally, the detector records the charge induced when an ion hit the
surface and that signal produce a mass spectrum. The mass spectrum represents the

m/z ratios and the relative intensity of each peak.

The different types of mass spectrometers, and the improvements in MS technology
entailed the creation of “omic” analysis. Thus, the study of the whole lipidome by
lipidomic analysis has become relevant due to the importance of lipids in structural
function, apoptosis, and signaling pathways among others. In this sense, the MS can

analyze the lipidome and the changes in lipid composition due to the exposure of

25



INTRODUCTION

different agents in membrane subdomains. More in detail, MALDI is a high
throughput analytical technique used to ionize the sample analyzed using an
energy-absorbing matrix. This matrix allows the laser to create the ions of proteins,
carbohydrates or lipids with minimal fragmentation. Allowing the ionization, and
measurement of molecules below 300 kDa in a solid state without fragment them
(Karas & Hillenkamp, 1988; Tanaka et al., 1988). With the possibility of analyzing the
lipidome in solid samples, a variety of immobilized samples can be analyzed using

the same platform.

4.3 Technological challenge for the study of lipid rafts in
microarrays
The development of a high-throughput system for analysis of lipid rafts will be of
much interest, but it involves various challenges. First, the analysis of lipid rafts is
dependent on the raft isolation method, as the small size make them impossible to
be visualized or captured by light microscopy (Lu & Fairn, 2018). The most popular
raft isolation method is the detergent extraction with Triton X-100 (TX-100) or
Triton X-114 (TX-114) due to its simplicity. However, some authors had described
artefacts in raft formation due to low temperature (Mohamed et al., 2018) or cells
treatment with Tx-100 (Heerklotz, 2002). In fact, the use of detergents can alter the
concentration of some raft lipids, such as cholesterol, changing their physiological
lipid fingerprint and cause ion suppression (Chandler et al., 2017) which affects the
signal obtained in mass spectrometry assays. Another challenge comes from the fact
that the methods for sample preparation and handling can entail the excessive loss
of protein (H. Yu et al., 2007) or changes in the protein native structure making them
non-suitable for downstream enzymatic analysis (Kan et al., 2013). In addition, the
direct imaging of cholesterol, one of the main lipids inside the raft domains, is
difficult for conventional MS techniques without using fluorescent dyes or
derivatizing cholesterol (Angelini et al., 2021; Quinlivan et al., 2017; X. Wang et al.,
2019). This difficulties has been overcome recently with the improvement of
nanoscale secondary ion mass spectrometry (nanoSIMS) which has a resolution of
50 nm, and allows the observation of cholesterol and SLs (Frisz, Klitzing, et al., 2013;

Frisz, Lou, et al., 2013).

The size of lipid raft domains is also a limiting factor for several techniques, and

require concentrations around 10® cells for HPLC-MS analysis (N. Li et al., 2004).
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Moreover, for this HPLC technique not only size is determinant, but also the time
required for data acquisition, with 2 hours per HPLC per sample (Martosella et al.,
2006). The majority of lipid raft analyses have been performed on raft proteome.
Those assays has been performed isolating first proteins and peptides from raft
samples, and then performing MS/MS (N. Zhang et al., 2008), with or without HPLC
separation (N. Li et al., 2004). In this regard, the proteomic analysis has revealed
that the lipid raft and cytoskeleton proteins are interdependent (N. Li et al., 2004),
however, as the analysis depends on the extraction method, not all the proteins
associated with lipid rafts are observed in all the assays. Lipid raft lipidome analysis
has been performed on glycosphingolipids, one of their principal components, by
extracting the lipid of interest before the mass spectrometry assay. Those analyses
have been performed sample by sample hampering the evaluation of a huge amount

of sample (Nagatsuka et al., 2006).

Making the microarray format compatible with lipid raft analysis represents a
relevant improvement, allowing the analysis of many and varied samples in the same
platform. However, the method for purification of lipid raft needs to be adapted to
ensure the compatibility of the samples with the printing method, and with MS and

enzymatic assays techniques.

4.4 Performing enzymatic assays in cell membrane
microarrays
Enzymatic assays are based on the ability of a protein to break a substrate or produce
an intermediate product that reacts with some salts producing a color in the reaction
solution (Baehner etal, 1976). Colorimetric assays are commonly used with
membrane homogenates, to determine kinetics properties of transmembrane or
membrane-associated enzymes. This detection method has been successfully
applied to CMMAs allowing the study of multiple samples simultaneously with a
reduced amount of sample compared with conventional assays (Elexpe et al., 2022).
Common examples of enzymatic assays are 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) colorimetric assay or Nitro blue tetrazolium
(NBT) reaction. NBT is a yellowish reagent that can be reduced by ROS electrons
forming blue compound called formazan. Therefore, it is considered an indicator of
ROS levels produced by the sources explained above, and using mETC inhibitors it

can take the electrons that has altered their normal course through the mETC. In
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this sense, NBT reaction can evaluate the activity of NADH dehydrogenase by using
NADH as a substrate, with and without decylubiquinone (dUQ) to evaluate the ROS
produced by the mETC (Elexpe etal., 2021, 2022). Moreover, succinate
dehydrogenase activity can be observed by NBT colorimetric reaction using
Succinate as a substrate. The mETC superoxide generation can be tested in presence
of or rotenone, antimycin A or sodium azide, specific inhibitor of complexes I, III

and IV.

Nevertheless, colorimetric assays can be used to test other enzymatic activities such
as AChE or BuChE (Y. Li etal, 201; M. Wang et al., 2009). This colorimetric
technique can be performed by two ways. One is based in the measurement of
thiocholine, a yellow color product, that is produced by the reaction of
hydrolyzation of Ach and its reaction with dithiobisnitrobenzoate (Ellman et al.,
1961). Whereas the other is based on the reduction of ferricyanide and its
combination with copper ions (Cu**) to form brownish copper ferrocyanide

precipitate (Karnovsky & Roots, 1964).
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HYPOTHESIS AND OBJECTIVES

Several neurodegenerative diseases, as well as certain cancers, present metabolic
changes such as an oxidant and antioxidant imbalance, which can be produced by
an increase of reactive oxygen species (ROS). This oxidative stress can be triggered
by different oxidoreductases, especially those that belong to the mitochondrial
electron transport chain (mETC). ROS are known to modify membranes domains
and their functions affecting important processes not only in neurodegenerative
diseases but also in cancer. However, the intrinsic limitations to work with certain
membrane subdomains, such as lipid rafts, constrain both their study and the

development of targeted drugs.

Thus, the global hypothesis of this Doctoral Thesis is that the combination of
membrane isolation protocols with cell membrane microarray technology,
lipidomic and enzymatic assays could allow the development of a screening tool for
the simultaneous analysis of membrane subdomains. This system will be
particularly useful for screening of therapeutic agents specifically designed to target

lipid rafts' proteins.

To demonstrate this general hypothesis, the following specific hypotheses are

proposed:

¢ Liquid-ordered domains can be purified maintaining their native enzymatic

composition, specifically the enzymes responsible for ROS production.

e Liquid-ordered domains can be purified maintaining the lipidic

environment.

e Raft and non-raft subdomains can be immobilized using non-contact

microarray printing methodology.

e Oxidative stress can lead to changes in enzymatic activities and lipidomic
fingerprint in raft subdomains that can be detected in printed membrane

subdomains.

The main aim of this study is to develop a platform which lead to characterize the

differences between enzymatic activity and lipidomic fingerprint in raft and non-
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raft domains with a minute amount of sample. To achieve this general aim, the

following specific objectives were carried out:

34

SPECIFIC OBJECTIVES

Validate a printed whole membrane microarray product (CMMA) as
appropriate to evidence the effects of oxidative stress and antioxidant

treatments in a high throughput-compatible format.

Develop a printed raft and non-raft subdomain microarray product (RMMA)
as appropriate to evidence the differential effects of metabolic and oxidative

stress in a high throughput-compatible format.

Explore the effects of metabolic and oxidative stress on the lipidome of lipid
rafts in metabolic and oxidative stress conditions using RMMAs as a proof of

concept.

Evaluate the effects of metabolic and oxidative stress conditions over a

variety of enzymatic activities using RMMAs as a proof of concept.
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1 Cell cultures

1.1 Cell lines
The 1321N1 cell line (ECACC-86030402) is a human astrocytoma cell line that was
isolated as a subclone of the 1181N1 cell line, derived from U-n8MG line isolated from
human malignant glioma cultures (Pontén & Macintyre, 1968). 1321N1 cell line was
culture at 37 °C in a humidity-saturated atmosphere containing 5% COz2 using a cell
culture incubator (Hera Cell 150, Heraeus, Hanau, Germany). Cells in normal

conditions were grown in complete DMEM medium (Table 2-control situation).

The SH-SY5Y cell line (ATCC CRL-2266) is a human neuroblastoma cell line
subcloned from the SK-N-SH cell line, which was established in 1970 from a
metastatic bone tumor (Biedler et al.,, 1973). SH-SY5Y cell line was cultured as

explained below but using DMEM:F12 medium as listed in Table 2.

1.2 Thawing cryopreserved cells
Cryopreserved cells were quickly thawed at 37 °C and mixed with 2 ml of medium
(DMEM in case of 1321N1 and DMEM:F12 1:1 for SH-SY5Y) previously warmed at 37
°C. The mixture was centrifuged using a centrifuge (5810R, Eppendorf, Hamburg,
Germany) with a rotor A-4-62 (Eppendorf, Hamburg, Germany) at 300 g for 5
minutes at room temperature (RT). The supernatant was discarded and 2 ml of
complete medium: DMEM 1 g/1 glucose, supplemented with 10% fetal bovine serum
(FBS) heat-inactivated, 1% L-Glutamine (L-Glut), 1% Penicillin/Streptomycin (P/S)
in case of 1321N1; DMEM:F12 1:1 supplemented with 10% FBS, 1% L-Glut, 1% P/S, and
1% Non-essential amino acids (NEAAs) for SH-SY5Y were added for pellet
resuspension. The cell suspension was diluted 1:5 in a complete medium and then
sowed in 2 culture flasks of 25 cm?* for both cases. Cell culture was performed as

explained above.

1.3 Cell subcultures
Cells were grown in 75 cm? cell-culture flasks using control situation medium listed
in Table 2. For detaching the cells, the medium was collected, and cells were washed
with warmed phosphate-buffered saline (PBS) (sodium dihydrogen phosphate di-
hydrated 77 mM, sodium hydrogen phosphate monohydrated 24,2 mM, sodium
chloride 1.4 M; pH 7.4) warmed at 37°C. After PBS was taken off, new PBS at 4°C was
added and culture flasks were placed above an ice layer for 5 minutes. Cells,

detached after gentle tapping the flask laterally, were reseeded at 1:4 dilution two
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times a week in case of 1321N1and one time a week in case of SH-SY5Y for cell culture
maintenance or stored for other usages. For storage, detached cells were centrifuged
using a centrifuge (5810R, Eppendorf, Hamburg, Germany) with a rotor A-4-62 at

300 g, for 5 minutes at RT.

1.4 Cell treatments

1.4.1 Low serum
When 1321N1 cell cultures reached confluence (around 105 cells/cm?) the medium
was removed, and low serum medium containing DMEM 1 g/l glucose, 0.2%
charcoal-treated FBS, L-Glut (final concentration 2 nM), Penicillin (final
concentration of 100 U/ml), and Streptomycin (final concentration of 100 U/ml) was
added. Cells were treated for 24 hours and then harvested using the same

detachment method as explained in section 1.3.

1.4.2 Paraquat treatment
When 1321N1 cell cultures reached confluence (around 105 cells/cm?), the medium
was removed and low serum medium with paraquat (final concentration: 0.5 mM)

was added. Cells were treated for 24 hours and then harvested as explained above.

1.4.3 a -tocopherol treatment
The 1321N1 seeded at 10.000 cells/cm* was cultivated in 12 well plates in complete
medium (Table 2-control situation) for 24 hours at 37 °C, 5% CO,, and saturated-
humidity atmosphere. Cells were habituated to low serum conditions (Table 2-low
serum starvation) for 12 hours before treatments began. After adaptation, a pre-
treatment of 3 hours with or without a-tocopherol (1 pM) prepared in low serum
medium was performed before treatment with or without paraquat (500 pM) in low

serum conditions for different times (24, 48, 72, 96, and 120 hours).

1.5 Cell freezing
Confluent cell cultures were harvested as usual, for freezing two confluent flasks of
75 cm? (7 million cells each approximately) were used. Pellets were resuspended in
6 ml of freezing medium (FBS + 5% DMSO) to get around 2 million cells/ml of
freezing medium. Cells were frozen in 2 ml cryovials at -80°C using a container for
cell freezing to allow for a slow freezing process. After 48 hours, frozen cell cryovials

were stored in liquid nitrogen.
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Table 2: List of mediums prepared for each condition. Reagents and concentration

(v/v).

Astrocytic 1321N1 Neuron SH-SYs5Y

DMEM:F12 medium 1:1, 10%
heat-inactivated FBS, 1% NEAA,
1%P/S

Control situation DMEM 1 g/1 glucose, 10% FBS heat-
inactivated, 1% L-Glut, 1% P/S
DMEM 1 g/l glucose, 0.2% FBS heat-
Low serum inactivated charcoal-filtered, 1% L-
Glut, 1% P/S

DMEM 1 g/l glucose, 0.2% FBS heat-
inactivated charcoal-filtered, 1% L-
Glut, 1% P/S, Paraquat final
concentration 0.5 mM

Paraquat treated

DMEM: Fi2 medium 1:1, 15% heat

0, -
DMEM 1 g/l glucose, 15% FBS heat in-activated FBS, 1% NEAA,

Thawing medium inactivated, 1%L-Glut, 1% P/S

1%P/S
Cryopreserving medium FBS heat-inactivated with 5% FBS heat-inactivated with 5%
DMSO. DMSO.

1.6 Mycoplasma testing
To discard Mycoplasma contamination, cell lines were periodically tested (every 6

months) by using “Mycoplasma Gel form kit” (Biotools B&M Labs S.A, Spain).

2 Viability assays

To analyze cell viability, trypan-blue viability assays were performed. Cells were
detached from the culture well by a mechanical method to avoid enzymatic
treatments (described above for 1321N1 cells). The cell suspension was transferred to
a microtube and diluted 1:1 with 0.4% trypan blue solution. The cells were counted
using a Neubauer chamber in an inverted microscope Olympus CKX41 (Olympus
Corporation, Tokyo, Japan). Dead cells (with a compromised membrane) were
stained in dark blue. The percentage of live cells, with respect to total cells, was
calculated. Viability data handling and analysis were carried out using Excel
(Microsoft 365, Microsoft Co., Albuquerque, NM, USA) and GraphPad software
(version 9.2, Dotmatics Inc, Bishop’s Stortford, UK). Briefly, cell viability data were
presented as a percentage of cell growth. The identification of outliers was carried

out by applying the following formulas:

Y, =X —DF 5D Y, = X + DF % SD
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DF: Deviation factor SD: Standard deviation X: mean

Points were identified as outliers and excluded if Y, was higher than the point
analyzed or Y, was lower than the point examined. We used a deviation factor of 1.25
in our analysis. Data were expressed as means of independent data points + SD
(standard deviation). The results were analyzed using one-way two-tailed ANOVA

with Tukey’s post-hoc. Statistical differences were indicated with p-values < 0.05.

3 Membrane preparations

3.1 Membrane preparations for Cell Membrane Microarray
development

In order to fabricate Cell Membrane Microarrays (CMMAs, see section 3.7 below),
the 1321N1 cell line was cultivated in 25 cm? culture flask following the same
conditions explained previously. Cells were cultivated until reached confluency of
80% (obtaining 10°cells per flask) and one flask per condition was used, treated as
described above. Cells were detached from the flasks and homogenized using a
Teflon-glass grinder (RZR 2020, Heidolph, Schwabach,Germany) in 20 volumes of
homogenization buffer (1 mM EGTA, 3 mM MgClz, and 50 mM Tris-HCl, pH 7.4).
The crude homogenate was subjected to a 3857 g centrifugation (AllegraTM X 22R
centrifuge, Beckman Coulter, Brea, CA, USA) for 5 min at 4°C, and the resultant
supernatant was collected and centrifuged at 18,000 g (Microfuge® 22R centrifuge,
Beckman Coulter, Brea, CA, USA) for 15 min at 4 °C, obtaining membrane from the
plasma membrane and internal organelles (mitochondria, endoplasmic reticulum).
The tubes were finally decanted, and the pellets were frozen at -80°C, except for one
aliquot, which was used to determine the protein concentration. Protein
concentration was determined by the Bradford method and adjusted to a final

concentration of 5 mg/ml.

3.1.1 Bradford protein quantification assay
Protein concentration was determined by the Bradford method, 10 pl of sample and
250 pl of Bradford reagent (Coomasie blue dissolved (final concentration 0.01%), in
95% ethanol (final concentration of 4.7%), and ortho phosphoric acid 85% (final
concentration 8.5%) were added to a 96-well plate and mixed. Absorbance at 595

nm was measured 5 times for 15 minutes. To obtain protein concentrations a
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calibration curve of bovine serum albumin (BSA) dissolved in H.O4 was used. Each

sample concentration was adjusted to 5 pg/ml for printing.

3.2 Membrane extraction for lipid raft purification

For membrane purification, one confluent 75 cm? flask was used for each lipid raft
purification (around 10 million of cells per flask). Each pellet of the different cell
types (1321N1 and SH-SY5Y) were resuspended in 5 ml of TNE buffer (Tris-HCI 50
mM, NaCl 150 mM, EDTA 5 mM, pH 7.4) with protease inhibitors and cells were
homogenized using a potter S (Satorius AG, Gottingen, Germany), 20 strokes,
rotating at 400 rpm. The tubes were centrifugated at 4°C and 4800 g (Rotanta
460RHettich, Westphalia, Germany) for 10 minutes to discard nuclei and big
organelles. The supernatant was collected and used to fill a quick-seal centrifuge
tube of 5.6 ml (ref 363963, Beckman Coulter, Brea, CA, USA). Tubes were centrifuged
at 100,000 ¢ using an optimal 100 XP ultracentrifuge (Beckman Coulter, Brea, CA,
USA, 100Ti rotor) for 75 minutes. The supernatant was eliminated, and the
membrane pellets were resuspended in 200 pl of TNE with protease inhibitors. In

these experiments, protein concentration was determined by the BCA method.

3.2.1 Protein quantity determination by BCA
Firstly, in order to determine protein quantity, colorimetric assay Pierce MicroBCA
Protein Assay kit (ref. 23235, ThermoFisher Sci., Waltham, MA, USA) was used. BSA
standards at different concentrations were prepared following provider instructions,
and membrane preparation pellets were resuspended in PBS + 2% sodium dodecyl
sulfate (SDS). 150 pl of resuspensions (either standard or sample suspension) and 150
pl of working reagent were mixed together (ref. 23235, ThermoFisher Sci., Waltham,

MA, USA). Absorbance was read at 562 nm.

Different cell membrane preparations pellets were merged to ensure sufficient
protein quantity for lipid rafts extraction (300 pg). Each sample was divided into
aliquots containing 300 pg of protein. Once protein concentration was known,
aliquots of membrane preparations with 300 pg total protein were prepared for each

lipid raft separation.
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3.3 Lipid raft isolation

3.3.1 Detergent extraction method
For lipid raft extraction, each membrane preparation aliquot was incubated with the
detergent (TX-100 or TX-114) at a final concentration of 1% at 4°C for 1 hour. A series

of sucrose solution in TNE buffer was prepared as indicated in Table 3.

Table 3: Sucrose gradient reagents for lipid raft extraction per sample.

Reagent 80% Sucrose 35% Sucrose 5% Sucrose
Sucrose (g) 2.4 21 0.125
TNE (mL) 2.94 5.88 2.4

PI 50x (mL) 0.06 0.12 0.1
Final volume (mL) 3 6 2.5

To make the sucrose step gradient, first 2.25 ml of 80% sucrose was deposited
carefully in the centrifuge ultra-clear 15 x 95 mm centrifuge tube. Samples (300 pg
total protein) were then placed over the sucrose and vortexed gently to avoid
bubbles, but thoroughly. On top of the sample sucrose mixture (now 55% of
sucrose), 6 ml of 35% sucrose were placed, and finally 3 ml of 5% sucrose. Sucrose
gradients were centrifuged at 4°C and 102,000 g (Beckman Coulter optimal 100 XP

ultracentrifuge, SW4o0 rotor, Brea, CA, USA) for 20 hours.

Tube content was collected in 12 fractions of 1 ml from top to bottom. The fraction
containing lipid raft locates at the interface between 5% and 35% sucrose. All the

samples were stored at -20°C before analysis by Western blot.

3.3.2 Detergent-free extraction method
Membrane preparation (300 pg) were sonicated 5 times with 30% amplitude at
intervals of 20 seconds with 1-minute cooldown period between sonication interval
(Vibracell 7515, Thermo fisher Bioblock scientific S.L, Waltham, MA, USA) using a
TipCB33-3363658 Tip (BochemLabordebarf, Weilburg, Germany). The sucrose

gradient was prepared as indicated above immediately after sonication.

3.3.3 Direct isolation of lipid rafts from whole cell extracts
For membrane purification, one confluent 75 cm? flask was used for each lipid raft
purification (around 10 million of cells per flask). Each pellet of the different cell
types (1321N1and SH-SY5Y) was resuspended in 5 ml of TNE buffer (Tris-HCl 50 mM,
NaCl 150 mM, EDTA 5 mM, pH 7.4) with protease inhibitors and cells were
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homogenized using a potter S (Satorius AG, Gottingen, Germany), 20 strokes,
rotating at 400 rpm. The mixture was collected and used to fill a quick-seal
centrifuge tube of 5.6 ml (ref 363963, Beckman Coulter, Brea, CA, USA,). Tubes were
centrifuged at 100,000 g using a 100Ti rotor for 75 minutes. The supernatant was
eliminated, and the membrane pellet was resuspended in 200 pl of TNE with
protease inhibitor. In this case, only detergent free extraction method was used.
When lipid rafts were extracted from the whole cell extract the preparation volume
is 2 ml. This required a different design for the sucrose step gradient. Figure 13

displays a visual comparison of the two gradient designs used.

A) B)
2mt — } Sucrose 5% imt — } Sucrose 5%
5mL — Sucrose 35%
é6mL — — Sucrose 35%
2mL — 7T :— Sample .
— - . — = Mixed
imt — F sample Mixed sucrose
— 7 sucrose 4.4 mL — | Sucrose 80% 559%
225mL ——| U - Sucrose 80% | 55% \_/

Figure 13: Volumes and concentrations of sucrose step gradients for lipid raft
extractions. A) Sucrose gradient for lipid raft extraction from membrane preparations. B)
Sucrose gradient for lipid raft extraction from whole cell extracts.

Lipid rafts extracted with TX-114 acquire a whitish color when placed at
temperatures above 4°C, while in extraction performed with TX-100 or by sonication

methods, the lipid raft fraction remains transparent.

3.4 Trichloroacetic acid protein precipitation
In order to analyze by Western Blot, the proteins present of fractions from the
sucrose step-gradient, proteins were precipitated to then resuspend them in small
volumes, compatible with the following steps. To precipitate proteins, 250 pl of 100%
trichloroacetic acid was added for each ml of fraction, then vortexed and incubated
at 4°C for 20 minutes. Next samples were centrifuged for 30 minutes at 16,100 g, 4°C
(5415R centrifuge, Eppendorf, Hamburg Germany), the supernatant was removed

and 1 ml of absolute ethanol at -20°C was added and mixed by inversion. Samples
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were centrifuged again at 16,100 g, 4°C for 30 minutes, the supernatant was removed
and 1 ml of absolute ethanol at -20°C was added to each sample and centrifuged
another time under the same conditions. The supernatant of each sample was
removed, and pellets were lyophilized at 35°C for 15 minutes (SPD Speed Vac,
SPDm1V, ThermoFisher Scientific, Waltham, MA, USA) and stored at -20°C until use.

3.5 Flotillin-1 Western Blot assay

Protein extracts were mixed with protein sample buffer adapted for raft and non-
raft samples (63 mM Tris-HCl, 10% glycerol, 2% SDS, 100 mM DTT, o0.05%
bromophenol blue) and heated at 70°C for 5 minutes. In the electrophoresis gel 15 +
0.18 pg of protein was loaded per lane. SDS-Polyacrylamide gel electrophoresis (SDS-
PAGE) technique was used to separate macromolecules according to the
electrophoretic mobility (which varies depending on the length, conformation, and
charge of the molecule). SDS is added to allow the proteins lose their native states
and charge negatively, so their mobility depends only on their size. Gel
electrophoresis was carried out using 12% and 3% polyacrylamide gels for resolving
and stacking gel respectively (Table 4).

Table 4: List of reagents and volumes for resolving and stacking gel preparation for
SDS-PAGE.

Reagent Resolving gel (puL) Stacking gel (puL)
Resolving Buffer 2500 -
Stacking Buffer - 1500
SDS 1% 1000 600
Acrilamide 30 % 4000 600
Hzo,4 2500 3300
TEMED 7 10
APS 10% 75 50

Electrophoresis was performed with 80 V and amperage in excess to ensure the
samples pass the stacking gel correctly. And then 120 V and amperage in excess for
approximately 2 hours using an Electrophoresis power supply (Power Pac Basic, Bio-
Rad Laboratories, Inc, Hercules, CA, USA), whole SDS-PAGE was carried out in
electrophoresis buffer (25 mM Tris, 190 mM glycine, 1 % SDS, pH 8.3).For
transferring the proteins in the gel to the Polyvinylidene difluoride (PVDF)
membrane, the membrane had to be previously activated with methanol for 15
seconds. PVDF membrane was then washed in Tris-Buffered saline (TBS; 0.5M Tris,

1.5 M NaCl, pH 7.5) wash buffer at 4°C. Western Blot equipment was built up and

46



MATERIAL AND METHODS

put in a tray filled with transfer buffer (25 mM Tris, 190 mM glycine, 20% Methanol,
pH 8.5),400 mA current was applied for 1 hour and a half (Electrophoresis power
supply, Power Pac Basic, Bio-Rad Laboratories, Inc., Hercules, CA, USA). After the
proteins were transferred, the PVDF membrane was washed with TBS with 0.05% of
Tween2o solution once. For the immunoblot assay, the membrane was immersed in
blocked solution (5% of powdered milk in TBS with 0.05% Tweenz20) with primary
antibody Mouse o-Flotillin-1 1:1000 (0.25 pg/ml) (BD laboratories, Franklin Lakes,
NJ, USA) for 2 hours at RT or O.N at 4°C. After the incubation with the primary
antibody, the membrane was washed in TBS-Tween2o 0.05% buffer for 10 minutes
four times. Afterward, it was incubated with the blocked solution with secondary
antibody Goat a-Mouse-HRP 1:10,000 for 1 hour at room temperature. Finally, the
membrane was washed with TBS-Tweenzo 0.05% buffer for 10 minutes four times.
The presence of flotillin-1 was revealed using Enhanced Chemiluminescence (ECL)
reagents (Millipore, Burlington, MS, USA) for bound peroxidase activity
visualization. The signal was visualized with Versadoc Molecular Imager coupled
with a high-sensitivity CCD camera (Versadoc Imaging System 5000, Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The integrated optical density of the
immunoreactive protein bands was measured in images taken within the linear

range of the camera, avoiding signal saturation.

4 Cell Membrane Microarrays (CMMA). Complete

membranes standard method.

Membrane preparations were resuspended in printing buffer (IMG Pharma,
Zamudio, Spain), adjusted to a concentration of 5 mg/ml, and incubated for 2 hours
in ice. Then, the preparations were printed onto pre-activated glass slides using a
non-contact microarrayer (Nanoplotter NP 2.1, GeSiM Bioinstruments and
Microfluidics, Radeberg, Germany) using a solenoid tip, placing 2 replicates of each
sample (30 nl/spot), into pre-activated glass microscope slides (Rodriguez-Puertas
et al., 2009). Printing was carried out under controlled humidity (relative humidity
60%) at a controlled temperature of 4 °C. To ensure correct spot adherence, after
printing CMMAs were let dry at 4°C and 60% of relative humidity for 30 minutes,
and then stored at -20°C until usage. CMMAs were validated before usage by

different methods including Bradford staining for protein determination, enzyme
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activity assays (NADH oxidoreductase, succinate dehydrogenase, GAPDH, and

cytochrome c oxidase), and MALDI mass spectrometry analysis.

4.1 Bradford staining
After two days at -20°C, Bradford staining is performed in CMMAs for correct
membrane adherence and analyze the protein concentration of each spot after
printing. CMMAs are defrosted inside a desiccator chamber for 45 minutes at RT.
Afterwards, CMMAs are completely immersed in Bradford staining at 4°C (Coomasie
blue dissolved (final concentration 0.01%), in 95% ethanol (final concentration of
4.7%), and ortho phosphoric acid 85% (final concentration 8.5%) for 1 hour in
darkness, and dipped in H.Oq at RT. Stained CMMAs were dried out with small fan,
the color signal was acquired with an Epson V750 pro scanner (Seiko Epson
Corporation, Suwa, Nagano, Japan), and digital images were analyzed and quantified
using the software ImageScanner (IMG Pharma S.L, Zamudio, Spain). The total
quantity of protein of each spot is determined representing the total color signal of

each rat brain cortex spot with respect to its concentration.

S5 Adaptations of methods to develop a novel Cell
Membrane Microarray of lipid rafts wvs non-raft

membranes (RMMA)

raft and non-raft membranes preparations obtained from the sucrose gradient were
unable to reach a correct adherence to the pre-activated glass slide due to the
sucrose content. In addition, raft and non-raft membranes extracted by the
detergent method spread over whole CMMAs and were incompatible with the
MALDI-MS experiments. Thus, in order to remove the detergent and the remaining
sucrose in the samples of raft and non-raft membranes two methods were tested:
dialysis followed by concentration, and direct ultra-centrifugation method followed

by resuspension in detergent-free and sucrose-free solution.

5.1 Lipid raft and non-raft membranes preparation by
dialysis and concentration

For detergent and sucrose removal in lipid raft and non-raft membrane fractions,
the dialysis of the samples was done using Slide-a-Lyzer dialysis cassettes

(Thermofisher, Waltham, MA, USA). The starting volume of membrane fractions
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was 1 ml, which was introduced in the cassette, two dialyses of 1 hour were done,
changing the external media, afterward, 2 dialysis of 2 hours at RT and 1 dialysis
overnight at 4°C. Final volume of dialyzed sample obtained was 2.5 ml
approximately. After dialysis, samples were concentrated using Amicon Ultra o.5
centrifugal filter pack (Merck Millipore, Burlington, MA, USA), following provider
instructions. Final volume of the concentrated membrane fractions was around 300
ul, they were centrifuged at 18,000 g (Microfuge® 22R centrifuge, Beck-man Coulter,
Brea, CA, USA) for 1 hour at 4 °C and raft and non-raft pellets were stored at -8o °C

until usage.

5.2 Lipid raft and non-raft membranes preparation by
ultracentrifugation
Once the lipid raft and non-raft samples from the whole extract were collected, 1 ml
of sample was added in an ultra-clear 15 x 95 mm centrifuge tube, and 10 ml of TNE
with protease inhibitors was added above the sample and gently mixed. The samples
were centrifuged at 4°C, 120,000 g (Beckman coulter optimal 100 XP ultracentrifuge,
SW4o Ti rotor) for 2.5 hours. Afterward, the supernatant was discarded, and pellets
were resuspended in 100 pl TNE buffer with protease inhibitors and centrifuged at
4°C, 6 hours, and 16,100 g (5415R microcentrifuge, Eppendorf, Hamburg, Germany).

Upper fractions were discarded, and samples were stored as pellets.

5.3 Lipid raft and non-raft microarrays fabrication

Lipid raft and non-raft fractions obtained by detergent and detergent-free method,
and processed by dialysis or centrifugation method were printed in order to develop
RMMAs. raft and non-raft fractions’ pellets were defrosted in ice and resuspended
in printing buffer (IMG Pharma S.L, Zamudio, Spain) and adjusted to a final
concentration of protein of 3.5 mg/ml in the case of dialysis method and 5 mg/ml in
case of centrifugation method. After resuspension, fractions were incubated in
printing buffer O.N at 4 °C. raft and non-raft resuspended fractions were printed
onto glass slides using a non-contact microarrayer (Nanoplotter NP 2.1, GeSiM
Bioinstruments and Microfluidics, Radeberg, Germany) with solenoid Tip (GeSiM
Bioinstruments and Microfluidics, Radeberg, Germany). Printing buffer (IMG
Pharma Biotech S.I, Zamudio, Spain) allows the immobilization of samples
maintaining protein functionality and lipid environment of samples (Elexpe et al.,

2021; Ferndndez et al., 2019; Hebert-Chatelain et al., 2016; Rienda et al., 2021). For

49



MATERIAL AND METHODS

each microarray 3 replicates of each sample were placed into pre-activated glass
microscope slides (Rodriguez-Puertas et al., 2009) (Figure 14), each spot contains 30

nl of sample suspension (10 drops of 0.3 nl), one biological replica.

L—1—1-1

= Pre-activated glass
ﬂJ w E l . for microarray
- printing

First treatment Second treatment Sonication
20 minutes 48 hours 5 minutes
v Incubation in . y NanoPlotter printing
Raft samples printing solution = ' 4°C and 60% relative humidity
- > I o 30 nanoliter per spot, 3 replicates
2 hours on ice - per sample spotted, 3 arrays per

slide, 30 slides per set

v
Non-raft samples

Figure 14: Time schedule of sample printing preparation. Pre-activation of glass slides
for immobilization of solid compounds and printing conditions.

Printing was carried out under controlled humidity (relative humidity 60%) at a
controlled temperature of 4°C during whole procedure. Distance between spots was
950 pm. After printing, microarrays stay at 4°C for 30 minutes and they were stored
at -20°C until usage. Each microarray also included cell membrane homogenates
from rat brain cortex at different concentrations for inner control and printing
solution buffer as a negative control. 3 microarrays were printed per slide (Figure 15).
After printing, one of the slides per batch was used to determine the quantity of
protein. For this purpose, microarrays were immersed inside Bradford reagent for 1
hour. Then they were washed twice with distillated water for 1 minute and dried out
at RT using a small fan. The color signal was acquired with an Epson V750 pro
scanner (Seiko Epson Corporation, Suwa, Nagano, Japan) and digital images were
analyzed and quantified using the ImageScanner software (IMG Pharma S.L,
Zamudio, Spain). The total quantity of protein of each spot is determined
representing the total color signal of each rat brain cortex spot respect to its

concentration.
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Figure 15: Microarray design for sample printing. Rat brain cortex was used as a positive
control to ensure the correct impression of the samples, and for protein quantity
normalization. Printing solution was used as a blank.

6 Lipidomic analysis in CMMAs or RMMAs

To perform lipidomic analysis by MALDI-MS, firstly the slides for positive ion mode
were incubated with a solution of CsCl (300 mM) for 30 minutes, and then let them
dry. Afterward, cell membrane microarrays (CMMAs or RMMAs) had to be coated
with a the MALDI matrix forming a uniform film of approximately 0.2 mg/cm? with
the aid of a standard glass sublimator (Ace Glass 8233, Vineland, NJ, USA),
producing. For positive-ion and negative-ion modes, 2-mercaptobenzothiazole
(MBT) and 1,5-diaminoaphtalene (DAN) were used, respectively. The CMMAs were
scanned, as in the MALDI imaging experiment (Figure 16). Coverage, pixel quantity,
and resolution of each experiment depends on the spot’s diameter, separation

between spots and quality of the samples analyzed.
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MS+
MBT @
— _— — L —r
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2 microscans =
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1 spectra/laser shot tu
DAN 20 final spectra

1 average spectrum

Figure 16: Schedule of matrix deposition and mass spectrometry procedure.

6.1 MALDI-MS - Whole plasma membrane of astrocytic cells

The area of the array was explored following a grid coordinate separated by 250 pm;
as each spot has a diameter of 600 pm, six pixels were recorded at each spot. The
mass spectrometer used was an LTQ-Orbitrap XL (Thermo Fisher Scientific,
Waltham, Massachusetts, USA), equipped with a MALDI source with a N, laser (60
Hz, 100 pJ/pulse maximum power output). The laser spot is an ellipsoid of
approximately 50-60 pm x 140-160 pm. Two microscans of 10 shots/pixel were used,
with a laser power output of 20 yJ for positive ion mode (MS*) and 30 pJ for negative
ion mode (MS") and a resolution of 250 pm. Data loading included spectra
normalization by total ion current (TIC), spectra alignment, and peak picking,
filtering all the m/z with intensity < 0.5% of the strongest peak in the spectrum. The
mass range collected was between 500 m/z and 1400 in ion positive mode and

between 550 m/z and 1400 ion negative mode.

6.2 MALDI-MS - raft and non-raft membranes of astrocytic
and neuronal cells

MALDI-MS experiment was carried out as explained above, but the area of the array
was explored following a grid coordinate separated by 150 pm, the diameter of the

pot was 500 um and 12 pixels were obtained.
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6.3 Data processing

6.3.1 Calibration

Before data processing, calibration of data might be performed to ensure correct

data treatment.

6.3.2 Reference mass list calibration

A list of theoretical reference masses is used for calibration in MS* and MS-
separately. Theoretical masses are searched, and spectra are adjusted to a second-
grade polynomial (if more than 3 masses are found) or first-grade polynomial (2
masses are found). Then, the error of calibration (CE) is calculated, as follows:

m/Ze - m/zt

CE
m/z;

*m/ze: experimental m/z value of peak m/z.: theoretical m/z value of peak

If CE is below 0.05 mass experimental mass is considered equal to theoretical mass,

and peak alignment is carried out as explained below.

6.3.3 Peak smoothing

Once the aligned spectra are obtained, peaks of each spectrum were smoothed using
a gaussian function with a window length of 10 points that convoluted along the
whole spectrum. Maximum intensity of the peak gets lower when peak is smoothed
but the whole peak area is maintained (Figure 17). The smoothing is necessary to

convert the peaks into centroids for analyzing the data.
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4500 | reconstructed B
baseline
4000 | \ convolved peaks 4
peaks ——
3500 =
3000 k 1
2500 - { } .
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1500 - [
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2560 2580 2600 2620 2640 2660 2680 2700

Figure 17: Gaussian smoothing for peaks obtained from MALDI-MS experiment
(Figure obtained from Picaud et al., 2018).
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6.3.4 Peak alignment

All the mass spectrometry data was acquired and processed using IMG Pharma
software built in MATLAB (MathWorks, Portola Valley, CA, USA). The average
spectrum obtained from each sample was aligned to other samples by the following

procedure (Figure 18).

Spectrum matrix merge

m/z
Spt' 11 Relative intensity
Spt.1: m/z, RI, o o n
Spt 5 [ miz Spt.2: m/z, o RI, o n
B Relative intensity Spt. 3: In/z3 o o R'IB n
Spt. 3 [ m/z : :
Pt-3 Relative intensity n m/z,

merge of R.I of each equal m/z

Comparison between \/—b m/z,-m/z,,, —— Spt.n: m/z, RI, RI, o n

each m/z criteria

|m/z,- m/zy,, | < 0.01 X — m/z#zm/z,,, —* Matrix do not change

Figure 18: Different steps for spectra alignment for each MALDI-MS experiment.

Each spectrum from each sample was converted into a matrix of m/z and relative
intensity signal, all matrixes were merged onto a bigger matrix of n columns and m
rows. To avoid peak duplicity due to experimental error in proximal m/z values, each
m/z peak was compared with the others. Due to the full width at half maximum
(FWHM) of 60.000 of the equipment, a mass window between o.01 and 0.03 Da was
used. Thus, if the difference between them is < |0.01|, the peak is considered to be

the same.

6.3.5 Outlier identification

Subsequently, peak outliers were identified and discarded by the following method.
Correlation matrix of all peaks obtained from the mean spectrum of all samples was
performed. The median and the standard deviation of the correlation of each

average peak is calculated. Outliers were identified with the following formula.

OL = median — 1.5*xSTD
*OL: outlier limit STD: standard deviation

The peaks (value of m/z) that were below the outlier limit (OL) were discarded.

Afterward, the relative intensity value of remaining peaks was normalized to their
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TIC, and new relative intensities of each lipid from each spectrum were calculated

using following formula.

Xi

PNES

*xi: relative intensity of a peak

Subsequently, peaks with less than 0.1%-1% (value was chosen depending on the
noise of the spectrum, but generally was 0.5%) of the strongest peak in the spectra
were considered as noise and discarded. Regarding the normalization, each lipid was
re-normalized to its TIC and relative intensities of each lipid from each spectrum
were calculated, as explained previously. Moreover, the identification of outlier
spectra was carried out with similar method as outlier peak identification.
Correlation matrix of all the spectra is obtained and correlation values mean and
standard error of the mean (SEM) are calculated, and spectra outlier limit (SOL) is

obtained by following formula, for outlier spectra rule out.
SOL = mean — SEM

If value was below SOL, spectrum was considered an outlier and discarded.

6.3.6 Isotopic distribution elimination

To avoid peak duplicity due to the presence of various isotopes from the same
molecule, isotopic distribution elimination was carried out using IMG Pharma
software built in MATLAB (MathWorks, Portola Valley, CA, USA). For each peak,

three different criteria were taken into account for considering them an isotope.
e Distance between two peaks compared between 0.99 and 1.01 Da
e Intensity of one peak less than 75% the intensity of the other peak
e Correlation between both peaks is higher than 80%

If a combination of peaks fulfilled three criteria, the peak was considered an isotope,

and isotopes with lower intensity were discarded.

6.3.7 Lipid tentative assignment

Online tools from LIPID MAPS data base were used to assign each m/z value to a
lipid ion based on accuracy mass. Tool used was the LIPID MAPS database of

computationally-generated “bulk” Lipid Species (COMP_DB) with a mass tolerance
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of + 0.005 m/z, ions with losses of H- and CH3 — were selected for ion-negative mode
and Cs* were selected for ion-positive mode, as we used Cesium in excess for ensure

the spectrum displacement.

The lipid classes selected for each search were: Glycerophosphoserines (PS),
Glycerophosphoglycerols (PG), Glycerophosphoinositols (PI), phosphoinositols
(PIP), Glycerophosphoethanolamines (PE), Glycerophosphates (PA), Ceramides
(Cer), Spingomyelins (SM) and Sulfatides (SHexCer) for ion-negative mode.
Whereas Glycerophosphocholines (PC), Triacylglycerols and Tryalkylglycerols (TG),
Diacylglycerols and dialkylglycerols (DG), Ceramides (Cer), Hexosylceramides
(HexCer), Dihexosylceramides (Hex2Cer) and Spingomyelins (SM) were selected for

ion-positive mode.

7 Lipidomic data analysis

7.1 Statistical analysis

Statistical analysis was performed using Graphpad Prism Software from Dotmatics
(Boston, Massachussets, USA). To test the normality of each variable, Saphiro-Wilk
normality test was performed, with o set at 0.05. For possible outlier spectrum
detection, Pearson correlation test, two-tailed was performed for each ionization
mode separately and o was set at 0.05. Correlation of less than 0.7 between replicates

were considered as outlier value and discarded.

To calculate the reproducibility between microarrays measured, Pearson correlation
test was performed between the two different arrays, a was set at 0.05. Lowest
correlation percentage obtained between arrays was considered as the method
reproducibility. To elucidate if there was any statistically significant difference in
lipid relative abundance between the different spectra obtained, Mann-Whitney

Rank non-parametric test was performed for every comparison, a was set at 0.05.

7.2 Unsupervised methods

7.2.1 Principal Component Analysis

Principal component Analysis is an unsupervised method for multivariate analysis
which compress the original number of variables into a smaller subset of composite

variables that are orthogonal to each other, called principal components. Each new
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variable obtained explain the largest amount of variability as possible, thus the

lowest the variable number, the higher the variability explained (Figure 19).
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Figure 19: Two first principal component calculation from data collection (Figured
obtained from Sainani, 2014).

Multivariate describing analysis were performed using Orange open-source software
tools from the University of Ljubljana (Ljubljana, Slovenia). The number of principal
components obtained in the analysis has to explain more than the 90% of variability
and each one has to explain more than the 0.5% of the variability. The specific values
of principal components obtained in each analysis are reported in the Appendix. The
PCA analysis was performed using 2 different sets of data: first one was the whole
lipid spectra and other one was the 50-best ranked lipids (ranking obtained by a one-
way ANOVA analysis). The value of the differences between the variances obtained

was the one used to rank the variables.

7.2.2 Supervised methods

Supervised classification methods were performed using Orange open-source
software tools from the University of Ljubljana (Ljubljana, Slovenia). For supervised
classification methods k-nearest neighbors (kNN), Naive Bayes, Neural Networks,
and Random Forest algorithms were used. All supervised methods were validated

using cross-validation of 10-folds.

7.2.3 K-nearest neighbors

The k-Nearest neighbors’ algorithm is a supervised classification method where each
data is classified to the class that is most prevalent out of the points that are closest.

For measuring the distance between each point and its neighbors, in our case
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Euclidean distance was used to calculate the distance between two samples

compared. Euclidean distance, calculated by following equation.

D, q) =+ (1 — q1)? + (P2 — 42)% + - + (P — qn)?

Moreover, number of neighbors has to be chose, for kNN algorithm, larger k reduces
impact of variance caused by randomness but can ignore small patterns (Zhang,
2016). K number of neighbors was set as 5 using Euclidean distance and uniform

weight, as the variables have been normalized before.

7.2.4 Naive Bayes

The Naive Bayes classifier is one of the simpler machine learning techniques, based
on the conditional probability Theorem of Bayes.

P(B|A) * P [A]

P(A|B) = P(B)

The method used this equation to calculate if a feature belongs or not to a certain
class based in different classifiers (Carpenter & Huang, 2018). The classifier was used

using the PC obtained for each analysis, not the pre-processed data.

7.2.5 Random Forest

The random forest supervised classificatory is a method based on decision trees:
graphs that are used to divide data into different classes (Carpenter & Huang, 2018).
Random forest classifies an input data subset using decision tress, the higher the
decision tress number, the higher the classification accuracy. For our analysis
number of decision tress was set as 10, subsets with less than 5 features do not split

into new decision tree.

7.2.6 Neural Networks

Neural network algorithm model is composed by different layers of neurons, first
layer takes the input data and is followed by a number of hidden neuron layer until
the output layer which give the classification. Each neuron from each layer performs
the data processing on its own, every neuron can receive multiple inputs, and

different functions can be used for activate the input (Figure 20).
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Figure 20: Components of artificial neural network. A) Basis of the neural network,
algorithm with a sigmoid function (red circle) which transform multiple inputs in one
output. B) Artificial neural network with different layers, the input of one layer is the output
of another. C) Most used activation function: sigmoid, hyperbolic tangent, identity, and
Rectified linear Unit (ReLU) (Figure obtained from R. Y. Choi et al., 2020)

For lipidomic data, the number of neurons per hidden layer was set at 200, neuronal
input is processed using rectified linear unit function (ReLu) as its activation
function. Stochastic gradient descent as the solver for weight optimization, and a
maximum of 350 iteration were set. The regularization parameter alpha was set as
0.05. In this case, we did not use a different training data set for the neural network,

all the supervised methods were validated using cross-validation of 10 folds.

8 Enzymatic activity assays on printed membrane
subdomains

8.1 NADH-oxidoreductase activity assay

RMMA s were placed in a desiccator for 30 minutes to ensure correct defrosting and
the area of each microarray was delimited with a hydrophobic barrier pen (Merck,
Darmstadt, Germany). To study the NADH oxidoreductase activity, 4 different pH
(7.2, 7.4, 7.6, and 7.8), 4 different solution buffer concentrations (0.1 M, 50 mM, 10
mM, and 5 mM), 2 reactive concentrations (0.1 mM and 0.35 mM), and 3 different
decylubiquinone concentrations (10 pM, 25 pM and 50 pM) were tested with or
without the presence of sodium azide, the inhibitor of the mETC complex IV. Final
reaction solution contains the different concentrations of -nicotinamide adenine
dinucleotide (NADH), and decylubiquinone (dUQ), 0.1 mg/ml of Nitrotetrazolium
Blue Chloride (NBT), and phosphate buffer at the concentrations and pH described
before, with or without 10 mM of sodium azide (Sigma-Aldrich, St. Louis, MO, USA).
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Reaction solution was added cautiously to the microarrays and were incubated
inside a humidity chamber at a controlled temperature of 24 °C for times between 4
and 16 hours in darkness. The colorimetry of the reaction was evaluated every two
hours. The reaction was stopped by removing the reaction solution and washing
gently the microarrays in distilled water and dried at RT. The color signal was
acquired with an Epson V750 pro scanner and digital images were analyzed and

quantified using the software ImageScanner (IMG Pharma S.L, Zamudio, Spain).

8.2 Succinate dehydrogenase activity assay

Microarrays were placed in a desiccator for 30 minutes to ensure correct defrosting
and the area of each microarray was delimited with a hydrophobic barrier pen
(Merck, Darmstadt, Germany). To study the succinate dehydrogenase activity, 4
different pH (7.2, 7.4, 7.6, and 7.8), 4 different solution buffer concentrations (0.1 M,
50 mM, 10 mM and 5 mM) and 2 reactive concentrations (1 mM and 10 mM) were
tested, with or without the presence of sodium azide, the inhibitor of the mETC
complex IV. Final reaction solutions contain the different concentrations of sodium
succinate dibasic, 50 uM of decylubiquinone (dUQ), 0. mg/ml of NBT, and
phosphate buffer at the concentrations and pH described before, with or without 10
mM of sodium azide (Sigma-Aldrich, St. Louis, MO, USA). Reaction solution was
added cautiously to the microarrays and them were incubated inside a humidity
chamber at a controlled temperature of 24 °C for 16 hours in darkness. The
colorimetry of the reaction was evaluated every hour. The reaction was stopped by
removing the reaction solution and washing gently the microarrays in distilled water
and dried at RT. The color signal was acquired with an Epson V750 pro scanner and
digital images were analyzed and quantified using the software ImageScanner (IMG

Pharma S.L, Zamudio, Spain).

8.3 Glyceraldehyde-phosphate dehydrogenase activity assay

Microarrays were placed in a desiccator for 30 minutes to ensure correct defrosting
and the area of each microarray was delimited with a hydrophobic barrier pen
(Merck, Darmstadt, Germany). To study the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) activity, 4 different pH (7.2, 7.4, 7.6, and 7.8), 4 different
solution buffer concentrations (0.1 M, 50 mM, 10 mM, and 5 mM) and 2 reactive
concentrations (10 mM and 20 mM) were tested, with or without the presence of

sodium azide, the inhibitor of the mETC complex IV. Final solution of the reactions
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contains increasing concentrations of G3P, different concentrations of dUQ, 0.1
mg/ml of NBT, and phosphate buffer at the concentrations and pH described before,
with or without 10 mM of sodium azide (Sigma-Aldrich, St. Louis, MO, USA).
Reaction solution was added cautiously to the microarrays and them were incubated
inside a humidity chamber at a controlled temperature of 24 °C for 16 hours in
darkness. The colorimetry of the reaction was evaluated every hour. The reaction
was stopped by removing the reaction solution and washing gently the microarrays
in distilled water and dried at RT. The color signal was acquired with an Epson V750
pro scanner and digital images were analyzed and quantified using the software

ImageScanner (IMG Pharma S.L, Zamudio, Spain).

8.4 Acetylcholinesterase activity assay

Microarrays were placed in a desiccator for 30 minutes to ensure correct defrosting.
The area of each microarray was delimited with a hydrophobic barrier pen (Merck,
Darmstadt, Germany). Microarrays were washed using Tris-maleate buffer (Tris-
maleate (Sigma-Aldrich, St. Louis, MO, USA) at 0.1 M and pH 6) twice. Reaction
solution contains 65 mM pH 6 of Tris-maleate, 5 mM sodium citrate,3 mM of copper
sulfate and 5 mM of potassium ferricyanide, with or without acetylcholine iodide
(Sigma-Aldrich, St. Louis, MO, USA) at a final concentration of 0.74 mg/ml. BW284
was used as Acetylcholinesterase at final concentration of 1 mM. The reaction was
incubated for 16 hours in humidity chamber in darkness. Reaction was stopped
removing cautiously the reaction solution and washing twice the microarrays with
Tris-maleate buffer for 10 minutes. Microarrays were dipped onto distilled water and
dried at RT. The color signal was acquired with an Epson V750 pro scanner and
digital images were analyzed and quantified using the software ImageScanner (IMG

Pharma S.L, Zamudio, Spain).

8.5 Data processing and statistical analysis

Data obtained were normalized respect its total protein quantity obtained by
Bradford assay directly onto the microarray. Printing solution present in microarrays
is used as blank for each experiment. Data handling and analysis was carried out
using Excel and GraphPad software (version 9.2). All data were normalized respect
their total amount of protein in the spot, obtained by Bradford assay. The

identification of outliers was carried out as explained in the section 2.
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9 Reagents and resources

Table 5: Reagents and resources

REAGENT OR RESOURCE SOURCE IDENTIFIER
CHEMICALS
(+)-a -tocopherol Sigma-Aldrich Cat#T3251
1,5-Bis(4- Sigma-Aldrich Cat#Ago13
Allydimethylammoniumphenyl)s-3-1-
2Br (Bw284CS1)
1,5-diaminophthalene Sigma-Aldrich Cat# D21200
2-mercaptobenzothiazole Sigma-Aldrich Cat#M3302
3,3’ -diaminobenzidine (DAB) Sigma-Aldrich Cat#D5637
Acetylcholine iodide Sigma-Aldrich Cat#01480
Acrylamide-bis ready-to-use solution | Merck Cat#100639
30% (37.511)
APS 10% Merck Cat#7727-54-0
Beta- Sigma-Aldrich Cat#N8129
nicotinamideadeninedinucleotide
(NADH)
Bovine serum albumin Sigma-Aldrich Cat#A8022
Bromophenol blue Sigma-Aldrich Cat#34725-61-6
Cessium chloride HoneyWell Cat#289329
Chlorhidric acid (HCI) 37% Merck Cat#100317.1000
Coomasie blue Sigma-Aldrich Cat#B-o770
Copper (II) sulfate Sigma-Aldrich Cat#Ci297
Cytochrome c from equine heart Sigma-Aldrich Cat#C2506
Decylubiquinone Sigma-Aldrich Cat#D79u
Dimethyl sulfoxide (DMSO) Sigma-Aldrich Cat#D2650
Di-sodium hydrogen phosphate di | Panreac Cat#122507.1210
hydrated
Dithiothreitol (DTT) BioRad Cat#1610610
DL-A-glycerol phoshphate | Sigma-Aldrich Cat#17766
magnesium
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Dodecyl sulfate sodium salt, 99% for
biochemistry

Dulbecco’s modified eagle medium
with phenol red

Dulbecco’s modified eagle medium:
nutrient mixture f-12 (dmem/f-12)
EDTA, tetrasodium tetrahydrate salt
Enhanced
chemiluminescencereagents

Ethanol

Ethanol for molecular biology
Ethyleneglycol-bis(f-
aminoethylether)-N,N,N’,N’-

tetraaceticacid (EGTA)

Fetal bovine serum

Fetal bovine serum charcoal-filtered
Glycerol

Glycine

L-glutamine

Magnesium chloride hexahydrate
Methanol (reag. Ph. Eur) for UHPLC
Methyl viologen dichloride hydrate
(paraquat)

Nitrotetrazolium blue chloride (NBT)
Non-essential amino acids
Ortho-phosphoric acid 85%
Penicillin/streptomycin
Penicillin/streptomycin
Phosphate-buffered saline

potassium  hexacyanoferrate  (II)
trihydrate

Protease inhibitor cocktail

Sodium azide
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Acros Organics

Lonza

Gibco

Calbiochem

Millipore

Panreac
Merck
Sigma-Aldrich

Gibco

Gibco
Sigma-Aldrich
Thermo
Scientific
Merck
Sigma-Aldrich
PanReac

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
Panreac

Gibco

Gibco

Gibco
Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich

Fisher

Cat#230425000

Cat#BE12017F

Cat#21331020

Cat#34103

Cat#251086.9914
Cat#108543
Cat#E4378

Cat#11573397
Cat#12676011

Cat#G7893

Cat#10070150

Cat#56-85-9
Cat#M2670
Cat#221001
Cat#856177

Cat#N6876
Cat#Ms5550
Cat#131032.1212
Cat#15140122
Cat#15140122
Cat#11530546
Cat#P3289

Cat#P8340
Cat#S2002
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Sodium chloride

Sodium citrate tribasic dihydrate
Sodium deoxycholate

Sodium di-hydrogen phosphate
Sodium hydroxide pellets
Sodium succinate dibasic
Sucrose

TEMED

Trichloroacetic acid (TCA)
Tris-maleate

Triton x-100

Acros Organics
Sigma-Aldrich
Sigma-Aldrich
Panreac
Labkem
Sigma-Aldrich
Sigma-Aldrich
Merck

Carlo ErbaReag.
Sigma-Aldrich

Acros Organics

Triton x-114 Sigma-Aldrich

Trizima base Sigma-Aldrich

Trypan blue solution 0.4% sterile | Merck

filtered

Tween-20 BioRad

COMMERCIAL ASSAYS
Micro BCA protein assay kit ThermoFisher
Scientific

Mycoplasma get detection kit BioTools
EQUIPMENT

Bioblock scientific ultrasonic | VibraCell

processor

Biorad electrophoresis system BioRad

Biorad gel transfer device BioRad

Centrifuge 54151 Eppendorf

Digital weight scale Ohaus

Plotter s Sartorius

Gs-800 calibrated densitometer BioRad

Optimal-100 xp ultracentrifuge
Rotanta 460R hettich centrifuge
Hera Cell 150

Centrifuge 5810R

5810R rotor A-4-62

Beckman Coulter

Hettich
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CHAPTER 1. LIPIDOMIC ANALYSIS IN CELL MEMBRANE
MICROARRAYS FROM THE HUMAN ASTROCYTIC CELL

LINE 1321N\1

1 Lipidomic analysis in CMMAs confirms the correc
immobilization of cell membranes and reveals paraquat-
triggered changes in human astrocytic membranes

In this chapter, I present the results of the first specific objective of this thesis regarding
the validation of CMMAs. Lipidomic analysis were performed on cell membranes from a
human astrocytic cell line with different treatments in order to demonstrate not only the
conservation of the lipid environment but also the potential of this technique to detect
effects derived from metabolic and oxidative stress. Before proceeding with this analysis,
a viability assay was carried out in order to determine the physiological effect of the
studied conditions on the cell survival, whose membranes were further used for the

CMMA development.

1.1 Viability of the Human astrocytic 1321N1 cell line upon

different treatments. Selection of conditions to validate

CMMAs.
For the analysis of cell viability, the culture medium was maintained along the treatments,
and monitored until cells in every condition were dead, consequently, without medium
refreshing cells could enter in senescence. To analyze cell viability, trypan-blue viability
assays were performed as described in material and methods section. Paraquat treatment
decreases cell viability at all time points with respect to control, decreasing cell viability
from 86% =+ 3 (control) to 68% =+ 3 (paraquat-exposed) at 24 hours (Figure 21B and C), and
reaching complete cell death at 72 hours (Figure 21B). Furthermore, with a-tocopherol pre-
treatment, the viability was significantly improved at 24 hours (Figure 21C). At 72 hours,
paraquat-induced viability is rescued up to 40% =+ 3 if cells were pre-treated with o-
tocopherol, whilst no viability differences were seen between a-tocopherol pre-treated
cells and the control situation. Differences between paraquat-treated and control
situations and between paraquat-treated cells with or without a-tocopherol pre-treatment
were observed at all time points between 24h and 72h. Thus, the time chosen for MALDI
mass spectrometry was 24 hours, when viability is still not much compromised, and

quantitative differences between treatments were larger.
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Figure 21: Effects of paraquat on 1321N1 cell viability with or without pre-treatment with o-
tocopherol. A) Time course and design of treatments for the evaluation of cell culture viability. B)
Time course of cell viability in control conditions and after treatment with paraquat (500 pM) with
or without a pre-treatment with o-tocopherol (1 pM). Measurements were performed every 24 h
using trypan blue cell viability assay. Asterisks symbols (*) refer to post-hoc comparisons with
respect to control; hash symbols (#) refer to comparisons with respect to paraquat. The color of
symbols alludes to the condition being compared. C) Cell viability results at 24 h expressed as
percentage of live cells. Shapiro-Wilk test was performed to check the normality of distributions.
One-way ANOVA analysis (two-tailed) and Tukey post-hoc were conducted, « set to 0.05. p-value
< 0.05 (*), p-value < 0.01 (**), p-value < 0.0001 (****); p-value <o0.05 (#), p-value < o.01 (##), p-value
< 0.0001 (####).

1.2 Lipidomic analysis in Cell Membrane Microarrays is able to
reveal paraquat-triggered changes in human astrocytic
membranes.

For MALDI-MS experiments, three experimental groups were selected: control situation,
paraquat-exposed cells (500 uM, 24 hours), and paraquat-exposed cells preceded by 3-
hours of a-tocopherol pre-treatment (1 uM, 3h). Cells were treated as explained above, and
membranes were extracted for CMMAs development (see material and methods section).
Once the CMMAs were generated, MALDI-MS technology was used to determine
differences between membranes of paraquat-exposed human astrocytes with or without

a-tocopherol pre-treatment and control situation. The immobilized samples which

70



RESULTS-CHAPTER 1

composed the CMMAs were covered with MBT and DAN matrixes for positive and
negative-ion mode respectively, as described previously. Using this technology, 103 lipid
adducts were identified in a mass range of 500 m/z and 1400 m/z in MS* and go lipid
adducts in a mass range between 550 m/z and 1400 m/z in MS™. Data obtained were
normalized to its TIC, and each ionization mode was analyzed separately. For lipid adducts
assignation, lipid types that can be detected in both ionization modes were considered in
the ionization mode whose relative signal is higher. Thus, PCs, SM, HexCer, Hex2Cer, TG,
and DG were identified in MS*, and PE, PI, PG, PS, PA, and its derivates such as
plasmalogens, ethers, or LP, as well as Cer and SHexCer were analyzed in MS~. Firstly,
differences between lipid fingerprints of paraquat-exposed cells and control situation cells

were analyzed in both MS*and MS™ modes separately.

Specific tentatively assigned lipids were detected in paraquat-exposed cells, in which 66
tentatively assigned lipids were only present in these membranes (Figure 22A, red arrows),
in contrast to the control situation. Regarding to tentative lipid assignment, paraquat-
exposed cells’ membranes displayed very long ceramides (C > 26) Cer 40:0;03, Cer 40:1,03,
and Cer 40:2; O3, which are absent in control membranes (Figure 22A, red arrows). Other
SLs were increased in paraquat-treated samples, in particular unsaturated SMs with 34 to
42-carbon backbones, which contain fatty acids from 16 to 24 carbons (Figure 22A). Long-
chain glycerophosphates also displayed a general increase, particularly evident in PA 40:6,
with a very long chain and more than three unsaturations. In contrast, in PE family similar
lipid species showed opposite behavior upon paraquat treatment. These changes were
observed in pairs differing in their degree of unsaturation, such as PE 36:3, which was only
present in paraquat-treated samples (Figure 22B, red arrows), whereas PE 36:2 showed a
slight reduction, the same effect as with PE 38:3 and PE 38:2. Nevertheless, PE lipid family
can be present as an ether version, which tentatively assigned lipids were generally
increased in paraquat treated cells (Figure 22B). In contrast, m/z tentatively assigned as
ether PG O-40:7 was present only in control samples (Figure 22B, black arrow), while

normal PGs increase due to paraquat treatment (Figure 22B).
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Figure 22: Relative intensity change in different lipids when comparing paraquat treated
membranes with control samples printed in CMMAs. Data are shown as percentage of control
values. A) Changes in sphingolipids (Cer, HexCer and SM). B, C) Changes in GPs. PA, PG, PE, and
PE O- shown in B). LPC, PC, and PI shown in C). Oxygen number inside the lipid head and fatty
acids in Ceramides and Sphingomyelins are indicated by O with a suffix. Bars with red arrows are
only present in paraquat-treated samples, and Bars with black arrows are only present in control
samples.

Nevertheless, very long-chain PCs are increased due to paraquat treatment: the higher the
unsaturation number, the higher the change rates. Thus, PC with one or two unsaturations
were increased in paraquat-treated samples, while saturated PCs were reduced or absent
(Figure 22C). In addition, LGPs of PC family were detected, in particular LPC 16:0 and LPC
18:1 (Figure 22C), whose presented an increase of 38% + 25 and 262% =+ 43 respectively,
whereas LPC 16:0 ether form appeared only upon paraquat treatment (Figure 22C, red
arrows). Finally, PI adducts were presented as very long-chain lipids, with a general
increase observed in the forms with more unsaturations, while their saturated forms or

those with lower unsaturation were reduced or absent (Figure 22C).

1.3 Lipidomic analysis in CMMAs is able to reveal the effect of a-
tocopherol pre-treatment on the paraquat-triggered signature

The effect of a-tocopherol pre-treatment in paraquat-treated cells not only affects viability
but also involved changes over membrane lipidome that can be detected with the CMMA

technology. The membranes from paraquat-treated cells with a-tocopherol pre-treatment,
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showed a higher presence of unsaturated very long-chain ceramide Cer 40:0;03 (271%),
while Cer 40:1;03 (-8.7% + 4.9) and Cer 40:2;03 (-35.4% =+ 24) presented not significant
changes or a slight reduction (Figure 23A). Also, HexCer 32:2;03 and HexCer 37:1;03
displayed a slight and pronounced increase in pre-treated cells respectively. However,
these lipids were absent in control situation (Figure 23A). In regard to SMs, SM 35:1;02,
SM 36:2;02 and SM 41:2;02 appeared only in the a-tocopherol pre-treated cells (Figure

23A, red arrows). Moreover, SM 40:1, and 40:2 showed an increase in pre-treated (Figure
23A).
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Figure 23: Relative intensity change in lipids when comparing paraquat-treated
membranes preceded by an a-tocopherol pre-treatment with samples treated with
paraquat only. Data are shown as percentage of control values. A) Change in sphingolipids (Cer,
HexCer and SM). B, C) Changes in GPs. PA, PG, PE, and PE O shown in B). PC, PC O-, LPC, LPC O-
, PI, and LPI shown in C). Ether forms indicated by the O-suffix. Oxygen number inside lipid head
and fatty acids in Ceramides and Sphingomyelins is indicated by O with a suffix.

In contrast, saturated PAs generally increased; the lower number of double bonds, the
higher change rate, in the case of PA with less than 32 carbons. Nevertheless, higher
change rates were achieved with higher amount of unsaturation in the other PAs, with a

general increase in all molecules except PA 38:2 (Figure 23B).

Furthermore, PG adducts generally decrease in a-tocopherol pre-treated samples, except
PG O-40:7 whose only present in control situation. Two similar lipidic species were also
found with opposite behavior upon a-tocopherol pre-treatment such is the case of ether
PE generally decreased while normal forms displayed a mild increase (Figure 23B). The
exception is PE O-40:5, an ether PE only present when paraquat treatment was preceded
by a-tocopherol (Figure 23B, red arrows). Furthermore, due to the a-tocopherol pre-
treatment, some very long-chain phosphocholines (PC 35:4, PC 35:5) disappeared from the
astrocytic membranes (Figure 23C, black arrows). Ether phosphocholines generally

showed a slight increase, with the exception of PC O-40:5, which was only present upon
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a-tocopherol pre-treatment. LPC 16:1 and 18:0, which contains palmitoleic and stearic acid,
were slightly increased (Figure 23C). Finally, the PI species showed a general mild
decrease, whereas LPI 20:4, which contents arachidonic acid (AA, seemed to increase
(81.3% = 41.41) (Figure 23C). The complete data set of this section is listed in situation
APPENDIX I, Table 6 and Table 7.

To summarize this chapter, clear differences triggered by paraquat in the lipid fingerprint
were detected in our system in ceramides, SMs, glycolipids, and unsaturated
phospholipids. In contrast, unsaturated ceramides and phospholipids were reduced when

the cells were treated with a-tocopherol before the paraquat stress (Figure 24).

Paraquat

Cer, HexCer, SM and DG
| 4 PA PG, PE withn>3, PC
with n=1, LPC and LPI

' PE with n<3 and
saturated PC

Control

Cer, HexCer and SM
DG

PA

PG

PC and PC O-

PE and PE O-

LPC and LPI

p
a-Tocopherol/ Paraquat

Saturated Cer
* HexCer, SM and DG
PA, PC O-, LPC and LPI

Unsaturated Cer
‘ PG, PI, PE and PE O-, PC
with n=4

Figure 24: Graphic summary of lipid changes observed in CMMAs upon oxidative stress
preceded or not by antioxidant treatment.
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CHAPTER 2. DEVELOPMENT OF AMETHOD TO
PRINT MEMBRANES SEGREGATED IN LIPID RAFT

AND NON-RAFT DOMAINS (RMMAS)

2 Development of RMMAs suitable for MALDI-MS analysis

As described in the Introduction section, lipid rafts have been described as membrane sub-
domains with an enrichment in cholesterol and sphingolipids. However, as the lipid
composition is a key feature for the correct function of signaling in lipid rafts, the lipid
fingerprint may be different from the other parts of the membrane (here described as
“non-raft membranes”. An in vitro paradigm was used in which the astrocytic cell line
1321N1 was exposed to serum starvation and paraquat as metabolic and oxidative stress
conditions respectively. These conditions were used since they can trigger changes in
membrane lipid composition, in or out of the lipid raft domains. The challenge is to be

able to detect these changes in printed subdomains.

MALDI-MS technology was used to determine the differences between the immobilized
raft and non-raft membranes obtained from the human astrocytic cell line in control and
under metabolic and oxidative stress conditions. We also used a human neuronal cell line
to check whether our RMMA system is able to determine de expected differences in their
lipid fingerprint due to cell-type differences. Samples were immobilized onto preactivated
glass and then covered with MBT and DAN matrixes, as explained in material and method
section. Samples were analyzed using MALDI-MS in positive and negative-ion modes. This
mass spectrometry technology allowed the identification of 153 lipid adducts in a mass
range between soom/z and 1400 m/z in MS* and 388 lipid adducts in a mass range between
550 m/z and 1400 m/z in MS~. Datasets obtained from both ionization modes were
concatenated, spectrum by spectrum, to obtain the complete lipid fingerprint of every
sample. Some lipids could be detected both in MS*, MS~ ionization modes, in those cases,
only the data from negative-ionization mode were maintained, in order to prevent peak
duplicity, except in SM case in which only positive-ionization mode is maintained.
Consequently, a unique data set of 536 different lipidic-adducts were kept for further
analysis, as well as the separate MS* and MS~ datasets of 251 and 177 lipids respectively. To
detect possible outliers among the spectra, for each ionization mode, two-tailed Pearson
correlation test was performed, with a confidence interval of 95% and « set as 0.05 (Figure

25). For outlier consideration, values lower than 0.7 of the R-value in Pearson correlation
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between replicates were considered outliers and discarded for statistical analysis. For
negative ion-mode one of the replicates of non-raft domain from serum-starved astrocytes
and one replicate of raft domain from control situation neurons were detected as outlier
values (APPENDIX [; Table 8). Regarding the positive ion-mode, non-raft domain from
paraquat treated astrocytes spectrum was considered as an outlier value (APPENDIX I,

Table 9).
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Figure 25: Reproducibility of RMMA printing technique analyzed by Pearson correlation.
A) Negative ion-mode spectra Pearson correlation. B) Positive ion-mode spectra Pearson
correlation. For both analysis, confidence interval was 95% and o was set at 0.05. Correlation of
each spectrum is expressed as R-value in Pearson correlation; values are between -1 and 1.
Correlation was performed using the whole spectra of Non-raft and raft samples obtained from
human neuron cell line (control situation), and human astrocyte cell line (control situation, low
serum-starvation and paraquat exposure).
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In addition, to check the reproducibility of lipid raft printing technique, Pearson
correlation matrix was calculated comparing the spectra each printed raft sample’s
replicates from two different RMMAs. For negative ion-mode, the correlation between
non-raft obtained from astrocytes in control situation and with low serum-starvation and
paraquat treatments reach 99%, 96%, and 99% respectively; raft domains from cells in the
same conditions reach 95%, 98%, and 99% respectively; non-raft and raft domains from
neurons in control situation reach 93% and 100% (APPENDIX II, Table 10). For positive
ion-mode, correlation between non-raft astrocytes in control situation and with low serum
and paraquat treatments reach 97%, 96%, and 79% respectively; raft domains in the same
conditions reach 99%, 99%, and 99% respectively; non-raft and raft domains from neurons
in control situation reach 99%, and 100% (APPENDIX II, Table 10). Thus, with the
experimental conditions detailed in the material and methods section, we ensure a
minimum reproducibility of 93% and 79% between the replicates from different arrays in
negative and positive ion modes respectively. Considering the whole spectra, we
performed a Pearson correlation-based hierarchical clustering of the variables, segmenting

them into eight groups (Figure 26).

Figure 26: Pearson correlation-based hierarchical cluster of lipidomic fingerprint of all
samples in both ionization modes.

To further characterize the differences in the lipid profile between printed raft and non-
raft membranes in neuronal human cell line, Principal Component Analysis (PCA) was
performed. PCA analysis was carried out over each ionization modes separately, plus with
the whole data set in order to detect possible alterations. Clear grouping depending on the
domain was observed in whole spectra analysis (Figure 27, Figure 29, Figure 31, Figure 33),

as well as in the spectra from both ionization modes independently for every condition
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and cell type (APPENDIX II, Figure 50-59). Comparisons between raft and non-raft
domain lipidome were performed on one hand, in control situations from neurons and
astrocytes, and on the other hand, in astrocytes exposed to low serum starvation in
absence or presence of paraquat. For each comparison, all variables were assumed as non-
parametric, as the number of data was small, and a Mann-Whitney test was performed

with « set as 0.05
In the next sections we have analyzed more in detail each condition and cell population.
2.1 Lipidomic analysis of printed raft and non-raft membranes
from neurons

To evaluate the differences between printed raft and non-raft first we performed a PCA
analysis to elucidate whether the printed raft and non-raft samples can be classified using

their lipid fingerprint.

Raft and Non-Raft membranes
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Figure 27: Principal component analysis (PCA) of raft and non-raft domains in human
neuronal cell line SH-SY5Y. A) Principal component analysis using the whole lipid spectra. B)
Principal component analysis using 50 best-ranked lipids obtained in the one-way ANOVA with a
0.05.

As shown in Figure 27 with the PCA we can distinguish both domains. To validate the
classification potential of human neurons lipid fingerprints performed in RMMAs,
different algorithms were trained and tested by 10-cross fold validation (Table 14). First,
PCA analysis was performed to reduce the variables used for algorithm training by using
two datasets: whole lipid content and 50-best ranked variables reduced data set using
differences in variance obtained using test ANOVA. With first dataset, 8 Principal
Components were obtained, while with second dataset, only 2 were enough to ensure an

explained variability of more than 9o%. With Principal components of the whole lipid
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fingerprint k-NN algorithm achieved best classification of raft and non-raft domains.
Nevertheless, with reduced data set’s Principal Components perfect classification was
obtained with k-NN and Random Forest algorithms. Thus, reduced 50-best ranked lipids

can explained the differences between both domains in this printed samples.

In the human neuronal cell line (SH-SY5Y), differences in MS* were found between raft
and non-raft domains with 94 tentatively assigned lipid species. 28 are GLs, 25 SLs and 41
GPs; in MS~ differences in 10 SLs and 56 GPs were observed. Differences were plotted as
the mean rank differences between both groups compared (raft and non-raft domains)
and the -log,,(p-value) obtained by Wilcoxon test (Figure 28). In regard to the differences
in the tentatively assigned lipids, higher presence of SMs was detected in raft domains, as
well as in HexCer and Hex2Cer species. In this case, one Hex2Cer presented significant
differences between non-raft and raft domains, Hex2Cer 29:0;02. In this analysis,

differences were generally found in lipid species with less unsaturation.
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Figure 28: Volcano plot of the differences between raft and non-raft samples from the
human neuronal cell line obtained by Wilcoxon-Rank test with « set as 0.05. Statistically
significant differences are colored in blue and appear over the dot line.

In regard to GPs, a general increase was observed in tentatively assigned PC, PC O-, LPC
and LPC O- in raft domains compared with non-raft membranes. Firstly, the specific mass
range of LPC between 28 carbons and 34 carbons coincides with PC range, and LPC
16:0/LPC O-16:1 and LPC O-28:3 were tentatively assigned. A general increase in PSs, PA
and PE were observed in raft domains, while a decrease was detected in PA ethers. LPEs
with very long odd-numbered chain fatty acid were present in raft domains with a higher
relative abundance. LPEs detected were tentatively assigned as LPE O-29:2, O-30:2, O-31:2
and O-31:3. Although, their assignation must be ensured, they did not display a relevant

tendency to change between membrane subdomains.

81



RESULTS-CHAPTER 2

2.2 Lipidomic analysis of raft and non-raft membranes from
astrocytes immobilized in microarrays

In the case of the printed raft and non-raft domains from human astrocytic cell line
samples we can distinguish both raft and non-raft domains in control situation with the

PCA (Figure 29).

Raft and Non-Raft membranes

Astrocytes
Non-raft Raft
Control Control
All lipids 50 best-ranked lipids
A) P B) P
g £
PC1 PC1

Figure 29: Principal component analysis (PCA) of raft and non-raft domains in human
astrocytic cell line 1321N1. A) Principal component analysis using the whole lipid spectra. B)
Principal component analysis using 50 best-ranked lipids obtained in the one-way ANOVA with a
0.05.

These differences between lipid composition can lead to a distinguishable lipid
fingerprint. To evaluate the classification power of lipid fingerprint obtained from RMMAs
several supervised models were trained and tested by 10-fold cross validation. Models were
trained using the most explanatory principal components (until reach 90% of variance
explained) before and after a variable selection of 50-best ranked lipid species by One-way
ANOVA analysis (Table 11). For the complete data set, 9 principal components were used
for sample classification, while for reduced dataset 2 principal components were enough
for variability explanation. K-nearest neighbor algorithm reached best classification scores

in both cases.

In relation to astrocyte’s control condition, 60 tentatively assigned lipid adducts presented
statistically significant differences, in particular in 21 SLs, 9 GLs, and 15 GPs in MS* mode
while comparing raft and non-raft domains, whereas in MS™ only differences between 15
SLs were observed. Volcano plot and Wilcoxon test was performed as described above
(Figure 30). However, distinguishable fingerprint of both domains was obtained in every
condition while analysis positive and negative ion-modes individually or together, with a

high capacity of classification using k-NN algorithm.
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In general, tentatively assigned SLs showed a relative increase in raft microdomains, as
expected, both SMs and HexCer. No significant differences were detected in Hex2Cer.
Surprisingly, odd-numbered long-chain lipids seemed to be increased in raft
microdomains, as well as lipid species with more than 3 unsaturations. Different GPs
displayed differences between both domains, with a general increase in PCs and its ether
version (PC and PC O-). Regarding the tentatively assigned lyso-phosphocholines (LPC),
LPC 18:1, LPC O-27:3 and LPC O-34:3 were increased in raft domains.
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Figure 30: Volcano plot of the differences between raft and non-raft samples from human
astrocytoma cell line obtained by Wilcoxon-Rank test with o set as o.05. Statistically
significant differences are colored in blue and appear over the dot line.

Moreover, diacylglycerol (DG) 29:2; Oz decreased in raft domains, as well as other GLs. In
contrast, DG O-49:5, DG O-51:5, and TG O-44:8 were increased in raft. No differences were

observed in saturated lipid species except in triacylclygerol (TG) 45:0; O3.

Sulfatides (SHexCer) presented a significant increase in control cells’ raft domains, as well
as the different ceramides. Glycerophosphoserines (PSs) and glycerophosphoinositols
(PIs) did now show a general tendency whereas glycerophosphoserine ethers (PSs O-)
decreased in raft domains. Glycerophosphoethanolamines (PEs) and glycerophosphates
(PAs) displayed a general increase in raft domains. Various lyso-phosphoethanolamines
(LPEs) presented differences between both domains, their ether versions from 28 to 33
carbons were found increased in raft domains. Other LGPs, such as LPI 20:3 and LPI 20:4,

were increased in raft domains as well as LPG O-28:0 (Figure 30).
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2.3 Lipid profile differences from low serum-starved astrocytes
using RMMAs
Regarding low serum-starved astrocytes, in printed RMMAs we were able to distinguish
both domains (raft and non-raft) using the principal component analysis (PCA) (Figure
31). These differences between lipid composition can lead to a distinguishable lipid
fingerprint. To evaluate the classification potential of lipid composition, different
algorithms have been trained and tested by 10-fold cross validation, using more
explanatory principal components (explained >90% of variance) obtained in the whole
lipid dataset and in the reduced dataset of 50 best-ranked lipid species obtained in ANOVA
test (Table 12). In whole lipid content data set, 8 principal components were used for
algorithm training; whereas in reduced data set only 2 principal components were enough.
Among the different algorithm used, K-nearest neighbor algorithm reached best

classification scores in both datasets.

Raft and Non-Raft membranes
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Figure 31: Principal component analysis (PCA) of raft and non-raft domains in human
astrocytic cell line 1321N1 in low-serum starvation. A) Principal component analysis using the
whole lipid spectra. B) Principal component analysis using 50 best-ranked lipids obtained in the
one-way ANOVA with « 0.05.

In particular, in this case 223 tentatively assigned lipid species presented differences, in
particular, statistically significant differences were found in 4 SLs, 9 GLs and 20 different

GPs in MS*, also in MS™ differences in 25 SLs and 169 GPs (Figure 32).

In raft printed domains, a general increase of SLs, both HexCer and SM, was observed but
not of Hex2Cer. A variety of GPs reach differences between both domains, more in detail,
long-chain were increased in raft domains, as well as species with more than 3
unsaturations. In relation to GPs, PCs and LPCs were increased in raft domains, as well as
PE, PG and PE ethers, whereas various PI present a decrease. PAs reached a general

decrease in non-raft domains. Nevertheless, LPE and LPG lipidic species, can be also

84



RESULTS-CHAPTER 2

assigned as PA, which is more probable, considering the number of carbons. Finally, Lyso-
phosphatidylinositol with arachidonic acid (LPI 20:4) was increased in low serum raft

samples, as was observed in control samples.
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Figure 32: Volcano plot of the differences between raft and non-raft samples from the
human astrocytic cell line exposed to low serum starvation obtained by Wilcoxon-Rank
test with « set as 0.05. Statistically significant differences are colored in blue and appear
over the dot line.

2.4 Lipid profile differences from paraquat-stressed astrocytes
using RMMAs

Finally, regarding, the paraquat treatment, we were able to distinguish the raft and non-
raft domains in case of paraquat-exposure by their lipid fingerprint with the Principal

component analysis (Figure 33).
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Figure 33: Principal component analysis (PCA) of raft and non-raft domains in human
astrocytic cell line 1321N1 in paraquat exposure condition. A) Principal component analysis
using the whole lipid spectra. B) Principal component analysis using 50 best-ranked lipids obtained
in the one-way ANOVA with « 0.05.
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To evaluate the classification potential of lipid fingerprint in an oxidative stress situation,
different classification algorithms have been trained (Table 13) and tested by 10-fold cross
validation. As before, two datasets were used: whole lipid dataset and 50-best ranked lipid
species reduced data set to obtain the principal components that were used in algorithm
training. In whole dataset, as in metabolic stress raft and Non-raft classification 8 Principal
Components were obtained in whole dataset and 2 Principal Components in reduced
dataset. However, in this case, reduced dataset achieved better classification by algorithm

trained than whole data set.

In particular inside the tentatively assigned lipids that were found, statistically significant
differences were found in with 9 SLs, 19 GLs and 33 GPs in MS*. As previously observed,
SLs present higher relative abundance in raft domains, both in SM, Cer and HexCer. No

differences were observed in Hex2Cer (Figure 34).
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Figure 34: Volcano plot of the differences between raft and non-raft samples from the
human astrocytic cell line exposed to paraquat treatment obtained by Wilcoxon-Rank test
with « set as o0.05. Statistically significant differences are colored in blue and appear over the dot
line.

Different GLs, such as PC and PC O- presented higher relative abundance in raft domains.
LPC and LPC O- were also more abundant in raft domains, in particular, LPC O-16:0, 1621
and 18:1. As well as in low serum starved cells, mass range of PC/LPC might have different
lipid assignation, as lipid chains are from 29 carbons. However, differences in LPCs with
short chain can correspond to 14:0, 16:1 and 18:0 or to LPC O-14:1, LPC O-16:2 and LPC O-
18:1.

Other GPs, such as PG, PE and PA and its ether versions presented higher relative

abundance in raft domains, whereas in PI some of them presented higher relative
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abundance in non-raft domains. Majority of differences were present in even-numbered

long-chain phospholipids, and lipid species with even number of saturations.

LPE from 28 to 31 carbons were detected with higher relative abundance in raft domains,
also, LPI 20:4 showed as well higher presence in raft domains, as in other conditions. In
case of PG and PE the presence of these long chain lipid adducts with more than 2
unsaturations was increased in raft domains whereas PE 36:1 and PE 36:2 (PE detected with
less carbons) decreased. In contrast to low serum and control situation, only DGs with
more than 37 carbons were increased in raft domains, moreover only one TG was increased

in raft domains.

In the case of SHexCers, in low serum starvation differences in several sulfatides were
observed, specifically, in species with more than 2 unsaturations and chains from 32 to 46
carbons. By contrast, in paraquat treated samples, differences were also identified in
tentatively assigned saturated sulfatides and chains from 35 to 42 carbons. Sulfatides
increases in paraquat-exposed raft domains as in control situation but did not display any
significant differences in metabolic stress. Ether version of DG presented more differences
in paraquat treatment comparing with low serum starved cells and control cells, mainly in

longer-chain species.
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Figure 35: Pearson correlation-based hierarchical cluster of lipidomic fingerprint
separating in both non-raft and raft domains of all samples in both ionization modes. Lipid
profiles differences between brain cell populations: neurons versus astrocytes.

Finally, we evaluate the lipid species that can explain the differences between raft and non-
raft domains in printed human astrocytic cell line samples in every case (control situation,
low serum-starvation, and paraquat treatment). To evaluate that, we used a hierarchical

cluster based on the Pearson correlation, in that case we can distinguish two main groups
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with different lipid species (Figure 35). In this case, correlation was performed to obtain
lipids with a differential distribution between raft and non-raft domains independently of

cell type or condition.

2.5 Detection of lipid fingerprint changes between different cell
types in printed RMMAs
Differences in functionality and protein expression between diverse cells populations has
been widely studied. Specific lipidomes have been observed in certain tissues and cellular
populations, but the specific lipid fingerprint of the different membrane subdomains, such
as raft microdomain, remains poorly understood. Lipidic composition in cellular
membrane have an effect on cellular signaling, membrane fluidity and protein pathways
reactions. To elucidate whether these lipidic changes between different cell populations
involve raft lipidome, a Principal Component Analysis (PCA) has been performed with raft

and non-raft printed samples from control astrocytic and neuronal cell lines (Figure 36).

Cell type
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Figure 36: Principal Component Analysis (PCA) between human astrocytic and neuronal
cell lines (1321N1 and SHSY-5Y) in raft and non-raft domains. A) PCA of non-raft domains from
human astrocytic cell line and human neuronal cell line. B) PCA of raft domains from human
astrocytic cell line and human neuronal cell line. In every case, the analysis was carried out using
all lipid species or 50 best-ranked lipid species obtained from one-way ANOVA test, two-tailed,
with o set as 0.05.
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Clear differences have been observed between astrocytes and neuron cell membranes in
both raft and non-raft domains. Analysis was carried out with all lipid species and with
the 50 best-ranked lipid species obtained by one-way ANOVA two-tailed test, to find out
whether there is a specific lipid group that can explain the majority of differences between
each lipid profile. For each comparison, all variables were assumed as non-parametric, as
the number of data is small, and a Mann-Whitney test was performed with «a set as 0.05.
Differences between both cell populations were observed, in non-raft domains; more in
detail, differences between 58 glycerophospholipids and 2 sphingolipids were observed in

MS~ whereas in MS* 13 GL, 11 SLs and 26 GPs reached statistically significant differences.

Diacylglycerol and triacylglycerol tentative assigned lipids did not show a clear
assignation except for DG 29:2;02, TG 37:0;03 and TG O-41:10, first one was increased in
neuron cells while the other ones presented a higher relative abundance in astrocytic cell
line membranes. In the case of sphingolipids, sphingomyelins with less than 3
unsaturation were found increased in neurons, as well as odd-numbered chain HexCer
species. Sulfatide SHexCer36:4;02 were found increased in astrocytes in contrast to

ShexCer 42:6;04, increased in neurons.

PC and LPC showed a general increased tendency in astrocytic cell line. LPC 16:0/LPC O-
16:1 was found increased in control non-raft astrocytes. Moreover, long-chain LPC were
also found, more in detail, LPC O-26:3, O-28:3 and O-28:4. In relation to PE, ether PE
presented a higher relative abundance in astrocytic non-raft domains in chains with less
than 40 carbons, other ones have been observed increased in neuronal non-raft domains.
In case of PE adducts with longer carbon chains, their mass range did not show a clear
assignation, nevertheless, no general tendency was observed in them. Similar effect
happened with PI, only PI 39:10;0, and PI O-32:2;0, and PI 38:4 were clearly assigned due
to its mass range, first and second PI were found increased in astrocytes while last one was
increased in neurons. Furthermore, lysophospholipids, LPE and LPI presented lower

relative abundance in neuron samples, except LPI O-33:0.

Regarding the printed raft domains, differences in tentative assigned 36 glycerolipids, 35
sphingolipids and 71 glycerophospholipids were found in MS*, whereas in MS™ differences
were discovered in 29 sphingolipids and 182 glycerophospholipids. In MS*, DGs did not
show general tendency, whereas its ethers generally increased in astrocyte rafts, except
DG O-41:11. In contrast, triacylglycerols were observed generally decrease in astrocytes. On
the other hand, sphingomyelins had higher relative abundance in neurons in case of odd-

numbered carbon chains with more than 1 unsaturations. Cer compounds also were
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detected with higher relative abundance in astrocytes, as well as HexCer species, except
Hex2Cer 29:0;02, which was higher in neuron rafts. Sulfatides did not show general

tendency.

Nevertheless, PA and PS ethers, presented a lower relative abundance in neurons, as well
as ether PE with less than 38 carbons. PIs were found increased in astrocytes in lipids with
more than 38 carbons generally, similar effect occurred with PE adducts which were
increased in astrocytic rafts in chains with more than 37 carbons. PCs were general
decreased in neurons, as well as its ethers. Lastly, lysophosphocholines were increased in
neurons. Moreover, ether LPC were also found increased in neurons, LPC O-16:0, LPC O-
16:2, LPC O-26:3, LPC O-27:3, LPC O-28:3, LPC O-28:4 and LPC O-34:3. In contrast, ether
LPE were found increased in astrocytic rafts. These differences can lead onto a
distinguishable lipid fingerprint. For this purpose, different classification algorithms were
trained with whole lipid content and with 50 best-ranked lipid species to elucidate

whether different brain cell populations can be identified by their lipidomes (Table 19,

Figure 37).
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Figure 37: Volcano plot of the differences between the neuronal and astrocytic human cell
lines in non-raft (left) and raft (right) obtained by Wilcoxon-Rank test with « set as 0.05.
Statistically significant differences are colored in blue and appear over the dot line.

2.6 Lipid fingerprint changes triggered by low serum starvation
in printed membrane subdomains from astrocytes
Metabolic stress might involve lipid homeostasis deregulation or lipid oxidation. To
elucidate the possible changes in lipid raft and non-raft membranes in these pathological
conditions, a principal component analysis (PCA) was performed in both ionization modes

separately, along with the whole data set.
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A clear grouping depending on the treatment was observed in whole spectra analysis,
except in non-raft samples in an oxidative stress situation and metabolic stress non-raft
samples (Figure 38). Analysis was carried out using all lipid adducts and with the 50 best-
ranked lipid adducts according to one-way ANOVA two-tailed test, to clarify if there is a
specific lipid group that can explain the majority of differences between each lipid profile.
Comparisons between raft and non-raft domain lipidome were performed in low serum
starvation (metabolic stress). For each comparison, all variables were assumed as non-
parametric, as the number of data is small, and a Mann-Whitney test was performed with

o set as 0.05.
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Figure 38: Principal component analysis of whole lipid spectra in raft and non-raft domains
from the human astrocytic cell line subject to metabolic stress. PCA of control and low-serum
starvation conditions of A) non-raft samples with whole lipid spectra and B) non-raft samples with
the 50 best-ranked lipids obtained from one-way ANOVA test, two-tailed, with a set as 0.05. C) raft
samples with whole lipid spectra and D) raft samples with 50 best-ranked lipids obtained from one-

way ANOVA test, two-tailed, with o set as 0.05.
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Between non-raft domains in low serum starvation or control situation general
enrichment in control non-raft domain was observed in tentatively assigned GLs (DG and
TG), PC and SM. More in detail, DG 28:0;02 presented a higher presence in low serum
starved cells whereas other DG were increased in control situation. Also, possible sulfatide
SHexCer35:0;06 has been found increased in control non-raft domains. In regard to PC
and LPC, LPC O-26:3 and LPC O-28:4 were observed increased in control situation. In case
of PS, PE and its ether versions were generally decreased in low serum starved non-raft
domains, whereas PA and PI or its ethers have not showed any general tendency.
Moreover, the only lipids that has been clearly assigned were LPE (LPE O-29:2 and LPE O-

31:3), which were increased in control non-raft domains (Figure 38).
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Figure 39: Volcano plot of the differences between the human astrocytic cell line samples
exposed to low serum starvation (metabolic stress) and control situation in non-raft (left)
and raft (right) domains. Analyzed was performed by Wilcoxon-Rank test with « set as 0.05.
Statistically significant differences are colored in blue and appear over the dot line.

In addition, in raft domains, more differences between low serum starvation and control
situation were found. Differences between both samples in tentatively assigned lipids were
found in: 14 GLs, 31 SLs, and 36 GPs in MS* were observe, while differences in 190 GPs and
23 SLs were observed in MS™. In SLs, HexCer adducts from 28 to 42 carbons were increased
in control situation, as well as SM from 29 to 44 carbons with less than 3 unsaturations,
the unique possible sulfatide that has differences between control and low serum
starvation was found increased in control situation. Ceramides from 40 to 49 carbons were
found increased in low serum starvation raft domains, whilst sulfatides does not have a
general tendency. In GPs specific mass range, PCs from more than 36 carbons could

correspond also to its ether versions. PC/PC O- with more than 3 unsaturations were
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increased in control situation, where in low-serum starvation PC 36:2/PC 0-36:3;0 and PC
38:2 and PC O-38:3;0 had higher relative abundance. LPC detected presented a higher
relative abundance in raft domains from control cells. In the case of PAs, adducts from less
than 43 carbons generally decrease, whereas its ether versions increased independent of
the number of carbons. PE and PE O- have not showed a general tendency, whereas PG
and PI generally increase in raft from low serum-starved cells. PSs has been observed in
higher relative abundance in control domains in adducts with less than 39 carbons, while
adducts with more carbons were found increased in low serum-starved cells’ raft domains.

PS O-40:7;0 increased in control domains whereas PS O-42:10 decreased.

Furthermore, differences observed between control and treated situations in both
metabolic and oxidative stress situations can lead onto a sample classification due to its
lipid fingerprint. To elucidate this, different classification algorithms were trained in both
raft and non-raft domains separately (Table 15 and Table 16) with respect to metabolic
stress. Non-raft low serum-starved and control samples lipid fingerprint reached better
classifications with the 50 best-ranked lipids obtained by ANOVA test (as described above)
in case of kNN, Random Forest and Neural network model. Naive Bayes classification
algorithm showed better classification and precision with the whole lipidic content (Table
15). In raft domains, better classification where achieved, as these domains showed a
higher number of differences in their membrane lipids. Nevertheless, with the 50 best-
ranked lipids limit, the sample classification was perfect in all algorithms, whereas in the

whole lipid content, best classification algorithm was k-Nearest Neighbor

2.7 Detection of lipid fingerprint changes triggered by paraquat
in printed membrane subdomains from astrocytes
Oxidative stress might involve lipid homeostasis deregulation or lipid oxidation. To
elucidate the possible changes in lipid raft and non-raft membranes in these pathological
conditions, a principal component analysis (PCA) was performed in both ionization modes

separately, along with the whole data set (Figure 40).

On the other hand, in respect of non-raft domains from oxidative stressed astrocytes, only
two significant differences were achieved in MS* and 5 in MS~ (Figure 41). However, these
differences between tentatively assigned lipids had an unclear assignation, one could be
either LPC, PC or PC O-; as before, with a long chain, it is more probable to be classified
as PC or PC O- 30:2. PG 46:11,0 was also found increased in low serum starved non-raft

domains, as well as other PE and PI, however, masses obtained did not have unique
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tentative assignation. Moreover, differences were achieved in GLs DG or TG 43:12 or SM
29:0. In case of raft domains, differences in 5 GLs, 19 GPs and 18 SLs in MS* were found.

Differences in DGs were found in those with more than 40 carbons and 10 unsaturations.
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Figure 40: Principal component analysis of whole lipid spectra in raft and non-raft domains
from the human astrocytic cell line subject to metabolic stress. PCA of control and low-serum
starvation conditions of A) non-raft samples with whole lipid spectra and B) non-raft samples with
the 50 best-ranked lipids obtained from one-way ANOVA test, two-tailed, with a set as 0.05. C) raft
samples with whole lipid spectra and D) raft samples with 50 best-ranked lipids obtained from one-

way ANOVA test, two-tailed, with « set as 0.05.

Also, two saturated TGs were observed increased in raft from paraquat-treated cells
surprisingly. Nevertheless, SMs from 32 to 42 carbons were found increased in raft from
paraquat-treated cells, whereas these lipidic-adducts presented a higher relative
abundance in control situation compared to low serum starvation. HexCer with more than

30 carbons were found with more relative abundance in domains from paraquat treated
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astrocytes. Ceramides were found increased in raft from low serum-starved cells, as well
as sulfatides, except SHexCer 38:4;05. Moreover, SHexCer 38:4;02, same adduct with less

oxygen molecules in it has found decreased in raft domains (Figure 41).
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Figure 41: Volcano plot of the differences between the human astrocytic cell line samples
exposed to paraquat in low-serum starvation media (oxidative stress) and low-serum
starvation without paraquat (metabolic stress) in non-raft (left) and raft (right) domains.
Analysis was performed by Wilcoxon-Rank test with o set as o.05. Statistically significant
differences are colored in blue and appear over the dot line.

In addition, LPC were found increased in paraquat-exposed raft domains in LPC O-16:0,
LPC O-161, LPC O-18:1, LPC O- 26:3, LPC O-27:3, LPC 0O-28:3, and LPC O-28:4 in
comparison with the low serum-starved cells. However, other PC had a lower relative
abundance in that domains compared with low serum starvation raft domains, more in
detail PC with at least 2 unsaturations, such as tentatively assigned PC 0-36;2 or PC O-
34:3. PSs with less than 40 carbons were increased in paraquat-treated cells’ raft domains,
in contrast to PS with more carbons, which were decreased. Nevertheless, PSs ethers were
increased in raft domains except PS O-40:7; O. Regarding PA adducts, the ones with more
than 40 carbons were decreased in raft domains, as well as ether PAs, PGs, and ether PEs.
On the other hand, PI adducts have been detected with odd and even-numbered chains,
these adducts were generally increased in paraquat-treated cell’s raft domains. In regard
to LGPs, only ether LPE from 28 to 33 carbons have been detected increased in low-serum
starved domains, other lipids detected might be classified as long chain LGPs or long chain
GP, which is more probable. However, these not clearly assigned lipids generally were
generally decreased in paraquat-treated domains, except 6 of them which are in mass

range of PI/LPI or ultra-long PAs.

Finally, in regard to the oxidative stress same procedure was performed. The
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algorithms trained were used in raft and non-raft domains separately. In non-raft domains,
with whole lipid content classification precision was worse than in metabolic stress
classification, being Naive Bayes the algorithm with a better classification precision.
However, with best-ranked lipids limitation, higher accuracy was achieved in all cases. raft
domains differences in the context of oxidative stress were more clear, perfect
classification were achieved with three algorithms (kNN, Neural Network and Naive
Bayes) in the case of best-ranked lipids limitation, whereas in the other case, it was only

achieved in kNN model.

RMMAs allow classification of raft and
non-raft domains according to their
lipid fingerprint in a given cell type
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Figure 42: Summary of the potential of performing lipid fingerprint classifications in
RMMAs.
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CHAPTER 3. ENZYMATIC ACTIVITIES IN
MICROARRAYS OF MEMBRANES SEGREGATED

IN LIPID RAFT AND NON-RAFT DOMAINS

3 Enzymatic activity assays

The goal of these experiments was to test whether immobilized membrane subdomains

retain a native conformation using a set of enzymatic activities as reference.

3.1 NADH - Oxidoreductase enzymatic activity assay in RMMAs

Lipid raft microdomains are known for containing a wide variety of integral and peripheral
proteins that can be modified upon different stimuli. Moreover, it has been observed that
different complexes of oxidative phosphorylation system may exist in raft (complex I, II,
and III) (Kim et al., 2006) in different tissues including brain. To check this activity, a
colorimetric assay was performed in presence of NADH, substrate for NADH-
oxidoreductases. Three different experimental conditions were used: only with NADH
substrate (control situation), or together with the electron carrier, dUQ or with the

complex IV inhibitor, sodium azide (net activity of mETC).
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Figure 43: NADH dehydrogenase activity of neuron and astrocyte derived lipid rafts from
cell cultures in control condition, and low serum-starved medium with or without
paraquat treatment. Higher superoxide production was achieved with or without sodium azide
in membranes from metabolically stressed cells (Low serum-starved astrocytes). Two-way ANOVA
was performed with Tukey post-hoc a set as 0.05; p<0.05 (*), p<0.01 (**), p<o.001 (***), and p<0.0001

(****) .
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Raft immobilized domains showed higher activity signals within the RMMAs in presence
of dUQ. However, no differences were observed with sodium azide complex IV-specific
inhibitor, in all conditions (Figure 43). Nevertheless, differences were observed in reactive
oxygen species production between low-serum starved astrocytic rafts and control
situation-rafts, which in absence of sodium azide achieved 429 + 7 and 88 + 15 respectively;
whereas in presence of that inhibitor 303 + 96 and 100 + 36 respectively. Furthermore,
same tendency was observed in presence or absence of sodium azide in paraquat-treated
astrocytic rafts and low serum-starved. Nevertheless, no differences were observed
between astrocyte and neuron rafts neither in absence (85 + 24) nor in presence of sodium

azide (79 + 10) (Figure 43).
3.2 Succinate dehydrogenase enzymatic activity assay in RMMAs

Succinate dehydrogenase (SDH) also known as mETC complex I, is a protein whose main
action is to transform succinate to fumarate, with the subsequent translocation of
electrons to the mitochondrial electron transport chain (Huang & Millar, 2013). As a part
of the mETC, SDH is mainly located in the inner mitochondrial membrane. In order to
study whether raft domains can contain complexes related to OXPHOS, SDH enzymatic
activity was performed in RMMAs in the presence and absence of decylubiquinone, with

or without the specific inhibitor of the mETC complex IV, sodium azide.

Enzymatic reactions were carried out as explained in the material and methods section,
testing different final pH and phosphate buffer concentrations. However, no signal was
achieved in any case, neither in raft nor non-raft domains, whereas in rat cortex (positive

control) a normal level of signal was achieved (data not shown).

3.3 GAPDH enzymatic activity assay.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) catalyzes the conversion of
glyceraldehyde-3-phosphate (G3P) to 1,3-biphosphoglycerate (Bruns & Gerald, 1976;
Sirover, 1999). This enzyme is involved in numerous cellular processes but, overall is a key
enzyme in the glycolytic pathway. GAPDH not only has been reported in cytosolic fraction,

but also in membranes, either in raft or non-raft domains (Kumar et al., 2012).
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Figure 44: GAPDH activity of neuron and astrocyte derived lipid rafts from cell cultures in
control condition, and low serum-starved medium with or without paraquat treatment.
Higher superoxide production was achieved in raft from control neuronal cells. One-way ANOVA
was performed with Tukey post-hoc a set as 0.05; p<0.05 (*), p<0.01 (**), p<0.001 (***), and p<o.0001

o)
Significant differences were observed between raft from neuronal (246 + 1) and astrocytic
(26 + 3) cells in RMMAs. However, slightly differences were observed in RMMAs in low-
serum starvation samples with (66 + 5) and without (60 + 33) paraquat exposure. Thus,

the slight increase in GAPDH activity may be related to metabolic stress (Figure 44).

3.4 Cholinesterase enzymatic activity assay in RMMAs

Cholinesterase (ChE) enzyme family catalyzes the hydrolysis of choline esters, in
particular acetylcholinesterase (AchE) catalyzes the hydrolysis of acetylcholine while
butyrylcholinesterase (BuChE) does for butyrylcholine. Both enzymes have been related
to AD in brain (Darvesh, 2013; Talesa, 2001). In raft printed domains from neurons, total
cholinesterase activity reached 247 + 77 in comparation with 437 + 86 determined in
astrocytes (Figure 45A). However, metabolic stress in astrocytes did not differ from control
situation, reaching 414 + 99. By contrast, the oxidative stress situation triggered by
paraquat treatment achieved 613 + 249. Furthermore, BuChE activity measured using the
BW284 acetylcholinesterase inhibitor, revealed that neuron printed rafts (73 = 31)
displayed about half activity compared to the printed raft of control astrocytes (165 + 19).
Control astrocytes also doubled the value of low serum-starved cells’ rafts not only in
absence (78 + 35) but also in presence of paraquat (80 + 32). Regarding acetylcholinesterase
activity, neuronal printed rafts (158 + 64) presented a lower activity than astrocytic rafts

(256 + 97) (Figure 45A). No differences were observed between these control rafts and low
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serum-starvation ones (307 + 86). However, a higher activity of acetylcholinesterase was

reported in paraquat-treated rafts (533 + 249), as happened with the total ChE activity

(Figure 45).
Low serum Paraquat
g:t':gggltte | g:ﬂ:::: W starved M Treated
Astrocytes Astrocytes
PRINTED RAFT
1000~ * * L|
-'E 800 -
——
16 .C
P % 600 -
38 <1 |
s2 |
ol C 400+
~ ] i
E q . I..
E Q, 2004 . E @
) +++
0 Total Ch li Butirylch H ase Acetilchollinesterase
PRINTED NON-RAFT
1500+
10004 *

.
.

5004

1 B i:%ﬁ‘l' .

-1000

.
.
-

.o

Cholinesterase activity
(O.D/ng protein)

Total Choli ase  Butirylcholi Acetilcholinesterase

Figure 45: Total cholinesterase activity of neuron and astrocyte derived lipid rafts from cell
cultures in control condition, and low serum-starved medium with or without paraquat
treatment. Differences in total cholinesterase, butyrylcholinesterase and acetylcholinesterase
activities (control situation of neurons and astrocytes, low serum-starved astrocytes, and paraquat-
treated astrocytes) in raft printed samples (A) and non-raft printed samples (B). Two-way ANOVA
was performed with Tukey post-hoc a set as 0.05; p<0.05 (*), p<0.01 (**), p<0.001 (***), and p<0.0001

(****) .

In non-raft printed domains, the same tendency was observed between control neurons
and astrocytes, with lower activity in neuronal printed non-rafts (16 + 150) than in
astrocytic ones (655 + 184). Non-raft domains from low serum-starved cells (467 +187) did
not show any differences with control astrocytes. Although a slight reduction in this

activity was observed in paraquat-treated non-raft samples (284 + 174), reverse tendency
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than in raft domains (Figure 45). BuChE activity did not present any significant differences
between groups (Figure 45B). Finally, acetylcholinesterase activity displayed a similar
behavior to total cholinesterase, not only between types of cells, but also regarding

metabolic and oxidative stress (Figure 45).

3.5 Relationships between lipid fingerprints and enzymatic
activities in printed raft membrane domains

NADH oxidoreductase and GADPH activity assays displayed specific differences among
the samples included in the study, in regard to metabolic stress (Figure 43B) or to cellular
origin (Figure 44). In addition, differences between these samples can be observed in their
lipid fingerprint. Thus, a Pearson correlation analysis was performed between lipidic

spectra of raft samples and their enzymatic activities (APPENDIX I, Figure 60).
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Figure 46: Correlation found between enzymatic activity assays and the relative intensity
of a selection of tentatively assigned lipid species. A) Pearson correlation between relative
intensity of different m/z (tentative assignation in the legend) and NADH normalized activity
(O.D/ng protein). B) Pearson correlation between relative intensity of different m/z (tentative
assignation in the legend) and GAPDH normalized activity (O.D/ng protein). Pearson correlation
two-tailed was performed with « set as 0.05. All values represented achieved p<o.ooo1 (****).
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Statistically significant correlations were achieved in 252 tentatively assigned lipids with
NADH activity and 289 tentatively assigned lipids with GAPDH activity (Table 20).
Furthermore, 5-best correlations reached R* higher than 0.87 with NADH activity (Figure
46A). The lipids that presented correlations with NADH activity were PS 50:7;0, PIP2 38:2,
while others lipids which tentative assignation remains elusive, e.g.: LPA 32:0/LPA O-
32:1/PA O-32:0; LPE 34:0/LPE O-34:1/PE O-34:0; LPE 32:0/LPE O-32:1/ PE O-32:0 (Figure
46). However, according to the literature, the lipid species that display the highest
importance in lipid raft domains are SMs and cholesterol. Therefore, correlations between
SM species detected in MALDI-MS and NADH dehydrogenase or GAPDH activities were
carried out (Figure 47A).
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Figure 47: Correlation between sphingomyelins and different enzymatic activities. A)
Pearson correlation between relative intensity of different sphingomyelins (tentative
assignation in the legend) and NADH normalized activity (O.D/ng protein). B) Pearson
correlation between relative intensity of different sphingomyelins (tentative assignation
in the legend) and GAPDH normalized activity (O.D/ng protein). Pearson correlation two-
tailed was performed with a set as 0.05. All values represented achieved p<0.0001 (****).

A statistically significant Pearson correlation was only found with SM 34:1; O2 and NADH

activity, being slight or null correlations with the rest of SMs detected (Figure 47B). In line
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with this observation, a high correlation was observed between SM 34:1;02 and GAPDH
activity (Figure 47B), but not with other sphingomyelins detected in raft domains. Thus,
the alteration in SMs, the SM 34:1 can be related to dysregulation of lipid raft protein
functionality. Considering this correlation between activity and lipidomic fingerprint, a
Pearson correlation-based hierarchical clustering of the variables was performed,

segmenting them into four clusters (Figure 48).
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Figure 48: Pearson correlation-based hierarchical cluster of the 52-best ranked variables in
ANOVA test, lipidomic composition and enzymatic activity (AChE (green), GAPDH (red),
and NADH (blue)).

As a summary, differences in NADH oxidoreductase, GAPDH, AChE enzymatic activities
were observed in printed raft domains between treatments and cell populations.
Moreover, differences between printed raft and non-raft domains were also observed in

the case of neurons (Figure 49).
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Figure 49: Summary of cell population- and treatment-dependent changes in enzyme
activities, grouped into raft and non-raft domains.
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1 Lipidomic analysis in cell membrane microarrays of the
human astrocytic cell line 1321N1

Cellular membranes are a key part of cellular physiology, whose integrity and composition
are essential for correct cellular functioning. Membranes are paramount for the
maintenance of cellular homeostasis, therefore changes in the cell lipidome are an
interesting field for studying the harmful or beneficial effects of different compounds
(from pharmacological treatments to environmental contaminants). However, sample
quantity can be a major problem for comprehensive research on certain tissues for which
only a significantly reduced sample can be available. Setting up systems that can be used
for simultaneous analysis of many samples using small amounts of materials is therefore

pertinent.

A first approximation is the study of changes in cell membranes that can be observed using
complete Cell Membrane Microarrays (CMMAs). CMMA technology was applied for use
in lipid studies with cell membranes isolated from plasma membrane and internal
organelles under control conditions and subjected to pro-oxidant and antioxidant
treatments with paraquat and a-tocopherol, respectively. As a first step in our study, we
analyzed cell viability and found that it was enhanced when an o-tocopherol pre-
treatment was used prior to paraquat exposure. This antioxidant action against the
oxidative stress triggered by paraquat could be due to a protective effect over lipid
peroxidation. It is known that tocopherol and tocotrienol compounds prevent lipid
peroxidation due to their ROS scavenger properties(Azzi etal., 2003), protecting
unsaturated fatty acids and lipid mediators (Zingg, 2019). In addition, a-tocopherol
regulates the expression of genes implicated in apoptosis or antioxidant defenses, such as
Bcl2-L1 or y-glutamylcysteine synthetase, (Azzi et al., 2003; Zakharova et al., 2021) or in
lipid homeostasis, such as phospholipase A2(Duncan & Suzuki, 2017), which has 1-O-acyl
ceramide synthase activity, using ceramides as an acceptor (Shayman & Tesmer, 2019).
Thus, we decided to investigate if the changes in the lipid fingerprint due to paraquat

exposure could be mitigated by this antioxidant pre-treatment using CMMA technology.

First of all, we demonstrated that our CMMA technology was a good tool to analyze
changes in the membrane lipid fingerprint between experimental conditions, using the
significantly small amount of sample available. This technology allows the production of
thousands of microarrays with minimal total sample amounts. Moreover, this high-
throughput technology can be coupled to lipidomic analysis opening the path to future

large-scale screenings of many samples at the same time. CMMAs have been used in
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different lipidomic studies to analyze the lipid fingerprint of nerve and peripheral tissue
in animal models (Fernandez et al., 2019; Manuel et al., 2015). An additional advantage of
this technology is that protein expression or activity assays can be performed, as the
protein-lipid relation and protein functionality is maintained (Astigarraga et al., 2008;
Elexpe et al., 2021; Fernandez et al., 2019; Hebert-Chatelain et al., 2016; Manuel et al., 2015;
Sanchez et al., 2022; Sdnchez-Sanchez et al., 2023). Thus, the combination of membrane
microarray technology with mass spectrometry results in a powerful technique to
determine the effects of different compounds over lipid composition, especially on lipids
such as PC, PE, PS, PI, SM and ceramides among others, that shows good ionization on

MALDI-MS.

It is known that the ceramide content remains low in non-dividing cells, but can increase
due to exposure to stress conditions, such as serum starvation, chemical compound
exposure, or oxidative stress conditions (Nikolova-Karakashian & Rozenova, 2010). These
SLs, composed of sphingosine group and fatty acid, are primarily produced by de novo
synthesis (Hannun & Obeid, 2008), the salvage pathway, or SMase pathways (Ho et al.,
2022). In line with these observations, we detected an increase of all tentatively assigned
ceramide species in paraquat-treated membranes, whereas, with o-tocopherol pre-
treatment, the unsaturated ceramides decreased or remained absent. These bioactive lipid
species can participate in diverse signaling pathways themselves or by their hydrolyzation
to sphingosine through ceramidase enzymes (Thomas et al., 2022). The higher levels of
these lipids observed in the membranes of the paraquat-treated cells, with respect to the
control, could indicate that the apoptosis pathway is involved as these molecules are well
known second messengers of this pathway (James et al., 2021; Jazvinsc¢ak Jembrek et al.,
2015), increasing cell death, as shown in Figure 21. Moreover, the enhancement in ceramide
production might be due to an activation of the de novo pathway, and this activation may
lead to an increase in other SLs by ceramides transformation, such as SMs by the action of
the sphingomyelin synthase (Hannun & Obeid, 2008). The detected ceramides displayed
ultra-long chain (ULC) fatty acids, which presence have been related to inflammation and
different diseases (Zwara et al., 2021), including neurodegenerative disorders (Panchal
et al., 2014; Zwara et al., 2021). The exposure to a-tocopherol increased or triggered the
formation of new SM species, such as the tentatively assigned SM 35:1; O2, with respect to
the membranes isolated from cells treated only with paraquat. In contrast, some ceramide
species decreased with antioxidant pretreatment (Figure 23), which could lead to higher
cell survival (Figure 21). In this sense those observations can provide useful information

that can be complemented with SMase activity assays using conventional methods by
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Holme et al (2018). However, further research must be performed to apply that

colorimetric method to CMMA technology.

GPs are particularly sensitive to lipid peroxidation triggered by oxidative stress exposure.
In this sense, we observed that PE and their ethers displayed changes upon paraquat

treatment. The PE ethers (PE O-) increase might be an adaptive response of the cell, given

properties of the PE O- species are mainly attributed to the preferential oxidation of the
vinyl ether bond, which results in the protection of the polyunsaturated fatty acids
in greater increases in ether forms of PCs, such as tentatively assigned LPC O-16:0 and PC
O-32:2, than their non-ether analogs (Figure 22C). Furthermore, and in line with other
membranes upon paraquat treatment. These species only appear in paraquat-treated
samples irrespective of the presence of a-tocopherol. Moreover, in paraquat-treated
membranes, PCs containing long-chain polyunsaturated fatty acids (LCPUFAs) were
increased, while with a-tocopherol pre-treatment some of them disappeared. In this

context, important actions of lipids containing LCPUFAs have been demonstrated in brain

The oa-tocopherol pre-treatment that preceded paraquat exposure also triggered an
increase in LPI 20:4. This lipid mediator, which contains arachidonic acid, might increase
in the membranes due to lower AA release from the membrane phospholipids. As o-
tocopherol is a modulator of phospholipase A2 (Duncan & Suzuki, 2017), also involved in
raft fission (Staneva et al., 2004), such an effect can be mediated by a reduction this
phospholipase activity (Miinea et al., 2002) or by an increase in the activity of other
enzymes such as phospholipase A1 or 2-acyl LPI transferase (Yamashita et al., 2013). Thus,
a higher relative content of lipids with AA may be related to a lower free AA content, which
excess has been related to neurotoxic effects (Okuda et al., 1994). Moreover LPI 20:4 can
be an agonist of GPR5s5, a G-protein coupled receptor, whose biological activities include

the modulation of immune cells and insulin secretion, and also have a potential mitogen
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activity in cancer cells (Yamashita et al., 2013). By contrast, LPCs stimulate intracellular
ROS production and ATM/Chk2, ATR/Chki, as well as Akt activation in endothelial cells
(Chang et al., 2017). LPC 16:0, which contains a palmitoyl molecule, was present in the
samples treated with paraquat, increasing slightly when samples were pre-treated with o-
tocopherol. As palmitoylation is particularly important for cell membrane stabilization
(Charollais & Van Der Goot, 2009; Koca et al., 2020), its increase in our samples may

support the observed effects in cellular viability (Figure 21).

To sum up, CMMAs are useful to detect alterations in the membrane lipidome triggered
by different pathological conditions. In this sense, this technology could be used to analyze
the changes over lipid fingerprint produced by the action of drugs to better understand

the effects of a treatment in different cell types or tissues.

2 Development of Microarrays derived from lipid raft and non-
raft domains allows for adequate discrimination of lipid
fingerprints in different cell types and conditions

Modifications in the lipid environment not only can alter general membrane composition,
but also can modify lipid raft microdomains, which may lead to raft disruption and
dysregulation of certain pathways. Raft domains are related with cancer and
neurodegenerative diseases, in particular Alzheimer disease as they are involved in the
processing of APP (reviewed by Krasnobaev et al., 2022). In this sense astrocytic and
neuronal cell line have been selected due to their importance in neurodegenerative
diseases (Avila-Murfioz & Arias, 2015). Cell lines can be easily cultured to produce a huge
amount of sample for experiments, nevertheless, as lipid rafts are such small
microdomains, the amount of sample needed to perform certain experiments can become

a major limiting factor.

To address this constraint, this thesis develops the application of microarray technology
to raft and non-raft microdomains preparations obtained by different methods. We
determined the method that allows their correct immobilization on pre-activated slides,
maintaining active proteins and avoiding ionic suppression. First, standard detergent
preparation method was performed, using TX-114 and TX-100, with and without
subsequent dialysis and concentration. These first approaches resulted in a high
concentration of sucrose in the sample that did not allow proper immobilization. This
problem was solved by dialysis, but the remaining amount of detergent still prevented

proper ionization for MALDI-MS technology and could interfere with the activity of
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certain membrane proteins. Subsequently, detergent-free sonication was used followed by
an ultracentrifugation protocol for eliminating the excess of sucrose in raft and non-raft
preparations. This protocol resulted in minimal loss of sample material through the

processing steps.

Once printed, MALDI-MS technology was used to determine a distinguishable lipid
fingerprint between raft and non-raft domains obtained from neurons and astrocytes in
control conditions or, in astrocyte’s case, after cells were exposed to various stress

conditions (low-serum starvation and paraquat treatment).

Distinguishable lipid fingerprints were observed when comparing raft and non-raft
printed preparations in every condition tested (Figure 27, Figure 29, Figure 31, Figure 33).
Non-raft domains presented more differences between them than raft domains,
comparing the whole lipid spectra. By contrast with the 50-best ranked lipid analysis,
component 2 of the PCA analysis was able to differentiate raft domains among arrays.
More in detail, differences between SLs content were observed between raft and non-raft
samples in every condition tested. Tentatively assigned SLs were different not only
between neurons and astrocytes, but also between experimental situations (control, low
serum-starvation, and paraquat). These results obtained using RMMAs technology, can be
useful to analyze the differences in raft domains extracted from cells exposed to different

drugs.

More in detail, in regard to astrocyte’s control situation, tentatively assigned LPCs, LPC
18:1, LPC O-27:3 and LPC O-34:3, were increased in raft domains, with LPC 18:1 containing
oleic acid, while the other ones were not common LGPs, as they contain fatty acids with
more than 24 carbons. These ultra-long chain fatty acids (ULCFAs) are uncommon but
have been detected in humans (Ritchie et al., 2010). This lipid distribution inside the
RMMAs was present in raft and non-raft samples (with higher intensity in the first ones)

but absent in membranes from rat tissue that were used as internal controls.

Similar results were obtained for LPE and LPI species, presenting acyl chains from 28 to
33 carbons. LPEs can contain ULCFAs as LPCs and were found to increase in raft domains.
Regarding LPI, two molecules, LPI 20:3 and LPI 20:4 were identified by their m/z analysis
as putatively containing dihomolinolenic acid and arachidonic acid, a common fatty acid
in the brain (Rapoport, 2008). Finally, we also detected LPG O-28:0 putatively containing

montanic acid, a fatty acid presented in brain and visceral organs in humans (Molzer et al.,

1989).
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In low serum-starved astrocytes, GP, PC and LPC species were increased in raft domains.
However, we must consider that almost all LPC m/z range identified could also be assigned
to PC. As the mass range correspond to a long-chain lipid species of more than 30 carbons,
PC assignation is more probable. Nevertheless, LPC 18:1 had a unique tentative assignation,
and might contain oleic acid (Medina & Tabernero, 2002). Oleic acid is abundant in
astrocytic membranes as it is the only fatty acid synthetized by this cell. It is critical for
membrane fluidity and it is required also by neurons, which preferentially incorporate
oleic acid into membranes rather than storing it in its free form (Medina & Tabernero,
2002, 2002). Therefore, this could explain the relative enrichment of LPC 18:1 in raft
domains in neurons. In addition to this species, other LPCs were also increased in raft
domains, LPC O-16:0 (palmitic acid) and LPC O-28:4 (octacosatetraenoic acid), a lipid

already detected in diverse human tissues (Liu et al., 2010).

Other GPs, such as PG, PE, and PE ether versions, were enriched in the raft domains
whereas various PI were decreased. In general, PAs were decreased in non-raft domains.
Regarding LPE and LPG species, it should be noted that many can also be assigned as PA,
which is more probable, considering the number of carbons. Finally, tentatively assigned
LPI 20:4, which might contain arachidonic acid, was increased in raft domains not only in

control situation but also in low-serum starvation conditions.

Upon paraquat treatment, as well as in low serum starved cells, the mass range of PC/LPC
in printed subdomains might have different lipid assignation in some cases, as lipid chains
are 29 carbons or longer. Taking into account this consideration, differences in short chain
LPCs can correspond to tetradecanoic (14:0), palmitoleic (16:1) and stearic (18:0) acid or to
LPC O-14:1, LPC O-16:2 and LPC O-18:1, with miristoleic acid (14:1) and oleic acid (18:1).
LPC O-16:2 contains hexadecadienoic acid, a metabolite of linoleic acid. In this sense,
tetradecanoic acid (14:0), is more likely to integrate these molecules, as it is more common
than miristoleic acid (14:1). The same consideration can be made with palmitoleic (16:1) as
it is more common than hexadecadienoic acid (16:2). Regarding DGs and TGs, only DG
species with more than 37 carbons and one TG were enriched in raft domains compared
to non-raft membranes. However, as these lipids are detected as adducts (addition of lipid
molecule and a positively charged ion), their peaks and assignment cannot be ensured
without mass fragmentation, as they exhibit better ionization with sodium or potassium
than with cesium. Moreover, spectra present peak duplicity with DG cesium adduct and

sodium adduct, thus, for better analysis of TG and DG adducts other displacement method

112



DISCUSSION

incubating with sodium solution should be used (Arroyo Negrete et al., 2018).

In the m/z range that can be assigned with ether version of DGs or TGs. In this case, the
majority of differences have been observed in lipids with longer chains in paraquat
treatment compared both with low serum starved cells and with control cells. Curiously,
ether TGs content, as well as other lipids have been observed as aging biomarkers in rats,
probably by their implication in antioxidant pathways (Jové et al., 2021). Therefore, the
fact that more ether DGs/TGs were detected in oxidized raft domains, compared with low
serum-starved or control situations, could be part of a cellular response to mitigate the

pro-oxidant effects of paraquat by producing these ether TGs.

In case of the human neuronal cell line SH-SY5Y, there was not unique lipid assignations
in the specific mass range of LPC/PC between 28 carbons and 34 carbons, as some LPCs
with a long-chain fatty acid can display m/z ratios identical to certain PCs with two short-
chain fatty acids. Although these long-chain fatty acids are scarce, ultra-long chain fatty
acids (ULCFA) from 30 to 38 carbons have been detected in mammals’ brain. In this sense,
we detected LPC O-28:3 which is a 28-carbon fatty acid present in small amounts in
humans (Poulos et al., 1992). LPC 16:0/LPC O-16:1 were also detected, these molecules
contain palmitoic acid (16:0) or palmitoleic fatty acid (16:1) and octacosatrienoic acid,
which is a derivate from lineolic acid. The latter LPC (LPC O-28:3) contains a very long
chain fatty acid (VLCFA), present in small amount in humans. Furthermore, LPEs with
very long odd-numbered chain fatty acid were detected with a higher relative abundance
in raft domains. LPE detected were LPE O-29:2, O-30:2, O-31:2 and O-31:3, which may
contain nonacosadienoic acid, triacontadienoic acid, and methyl-triacontradienoic acid

respectively.

Specific lipid variables were identified to discriminate raft and non-raft printed samples in
astrocytic control situation using diverse algorithms. kNN was the one that could best
classify raft and non-raft samples in every condition and cell type analyzed. Therefore,
RMMAs are a useful platform to analyze the differences in lipid fingerprint in and out of
membrane raft microdomains in a variety of conditions, with high reproducibility,
negligible amount of sample, and in quick time. In this sense, this technology could be
useful to classify samples by their lipid fingerprint, being a powerful technique for drug
screening or for distinguish between control or early stages neurodegenerative diseases,

for example.

After our comparisons between raft and non-raft domains in each cell type or each

condition, we analyzed differences in the lipid fingerprint of lipid rafts caused by
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metabolic and oxidative stress. This is relevant, since changes in lipid composition can
lead to lipid raft dysregulation. Under metabolic stress ceramides had higher relative
intensity in raft domains from low serum-starved cells (Bekhite et al., 2021; Castro et al.,
2014). In contrast, HexCers, that are non-bioactive lipid species, were found decreased in
low serum starvation raft membranes. These molecules can be transformed into ceramide
(Sanchez etal., 2022), as pro-apoptotic second messengers. Thus, a higher HexCer
presence in control situation could be due to the lack of pro-apoptotic signaling

(Wilkerson et al., 2022).

When comparing oxidative stress vs metabolic stress (paraquat-treated cells vs low serum-
starved cells), ceramides appear to be reduced in raft domains due to paraquat treatment.
A low ceramide content could be expected by its involvement in pro-inflammatory and
pro-apoptotic responses as a second messenger, such as the activation of IL-1p secretion
in NLRP3 dependent manner (Scheiblich etal., 2017). This inflammasome has been
reported to be activated by ROS generation and TAG accumulation in cytoplasm (S. Li
et al., 2021). However, in certain cells such as spermatogenic cells, ceramides that contains
VLCPUFAs can be excluded from raft domains (Santiago Valtierra et al., 2017). In regard
to PA species, the ones with more than 40 carbons were decreased in raft domains upon
paraquat treatment, as well as ether PA, PGs, and ether PEs. These ultra-long lipids could

be fragments of other GPs or cardiolipin fragments.

The lipid variables identified in every case were able to discriminate oxidative stress from
metabolic stress in raft printed domains, whereas in non-raft printed samples a worst
classification was achieved. Thus, the RMMA technology used to print raft domains
provides a useful platform to analyze lipid fingerprint modifications in order to

determinate the potential toxicological effect of many compounds such as paraquat.

Last, but not least, we observed that the lipidic pattern present in different tissues was
distinguishable, as the cell types analyzed were also distinguishable by this fingerprint,
with a better separation in principal component analysis in raft domains. Sulfatides
presented a relative increase in astrocytes, compared to neurons, in tentatively assigned
species with less than 40 carbons. Small amounts of these molecules are known to be
synthetized by astrocytes (Eckhardt, 2008). However, sulfatides with more than 40
carbons were increased in neurons, compared to astrocytes. Sulfatides can be generated
from ceramides by the action of UDP-galactose:ceramidegalactosyltransferase (CGT)
(Blomgvist et al., 2021). In this sense, an opposite behavior was observed between some

ceramides and its sulfatides, such as Cer 42:6 and SHexCer 42:6 that were increased and
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decreased in astrocytic raft respectively in comparison with neuronal ones.

In conclusion, metabolic and oxidative stress triggers characteristic lipid changes in lipid
raft domains that may be linked to cellular toxicity. The data obtained using RMMAs and
MALDI mass spectrometry provide a distinguishable lipid fingerprint that makes possible
to distinguish not only between treatments but also between cells types, cell populations,
and tissues. Moreover, lipidome changes has been reported as possible biomarkers (Kosek
et al., 2020). The RMMA technology is useful for many pertinent analyses using the same

platform, which reduce significantly the amount of sample and time for each experiment.

3 Enzymatic activities demonstrate that printed membrane

subdomains maintain biologically relevant functionality

Certain enzymatic activities can be used to determine the purity and functionality of lipid
rafts, as they are integral or membrane-anchored proteins. These enzymatic activities
differ between cell types and cell populations, being their function highly dependent on
lipid composition. In this sense, we found that NADH dehydrogenase activity was similar
in lipid raft domains from control neurons and astrocytes but was altered due to metabolic
stress in the latter cell type. Metabolic stress could increase the production of free-radicals
such as superoxide that can trigger the oxidation of NBT to formazan (Y. Zhao et al., 2017).
Surprisingly, upon paraquat treatment, less free-radical species were formed in the time
studied. The lack of succinate dehydrogenase activity, might indicate the absence of
mitochondrial complexes in the printed subdomains, suggesting that paraquat can act
through other mechanisms in addition to the inhibition of mitochondrial respiration (W.-

S. Choi et al., 2008).

GAPDH, like beta-actin, or beta-tubulin, is considered a housekeeping protein usually
used to normalize Western blot results. GAPDH activity has also great interest in
neurodegenerative disease research due to its relation with AD, in which different types
of oxidative modification can be present, related or not with oxidative stress and ROS
production (Butterfield et al., 2010). We observed a slight increase of this activity in raft of
paraquat-treated astrocytes, but not enough to have a significant difference. This
augmentation could be due to reaction of free radicals triggered by paraquat. Moreover,
GAPDH activity was higher in neuronal rafts than in astrocytic ones, where glycolysis
normally occurs (Diaz-Garcia et al., 2017). In this sense, it is known that GAPDH seems to

interact with proteins related to raft domains such as APP (El Kadmiri et al., 2014).
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AChE is another enzyme that has been found in several tissues inside raft domains
(Montenegro etal., 2017). This enzyme is related with Parkinson disease, where
anticholinergic drugs are used to improve the tremor symptoms (Abusrair et al., 2022;
Helmich & Dirkx, 2017; Lopez-Alvarez et al., 2015). In this sense, RMMA technology may
be useful to perform screenings of the anticholinergic effects of drugs over a variety of
samples. Total cholinesterase activity seemed to be higher in astrocytes compared to
neurons in case of total cholinesterase but not significantly in AchE, which can be
increased in activated astrocytes (Sdez-Valero etal., 2003). Paraquat astrocytic raft
domains achieved higher signal compared with their control in both ChE and AChE
activities. This oxidative stress situation can lead into reactive gliosis that would alter the
astrocyte functionality (Pekny & Nilsson, 2005). As reported in Figure 45, AChE activity
was higher than BuChE in raft printed samples in almost every case. In line with this
observation, AChE enzyme has been found inside raft domains in different tissues
(Montenegro et al., 2017). By contrast, in non-raft domains from cells in control situation,
all the activity observed in the case of neuron was BuChE (Giacobini, 2003), an enzyme
found in both astrocyte and neurons in human brain. Thus, the combination of this
enzymatic assay with RMMAs technology has shown great potential for the screening of
lipid raft protein-targeted drugs, moreover taking into account that certain molecules
such as donepezil, an anticholinesterase inhibitor used as AD treatment, can also increase

ROS in mitochondria (Goguadze et al., 2019).

Last but not least, the NADH and GAPDH activities present correlations with the
changes in GPs and SMs. However, higher correlations were present in GPs as they were
more reactive and susceptible to changes due to the exposure to the different treatments.
The disruption in NADH dehydrogenase in plants (mETC complex I) has been related with
changes in lipidome (Domergue et al., 2022), in particular in GPs such as PAs, PEs, and
PCs. In this sense, paraquat has been described as an inhibitor of mETC complex I
(Olubodun-Obadun et al., 2022), thus effects of paraquat over the mETC not only affects
the mitochondrial function, but also the whole membrane composition. The relationship
between enzymatic activity and lipidome composition provides useful information to

better understand the effects of a drug or compound on a cell.

To sum up, raft domains printed using RMMA technology maintain their functionality,
allowing the study of enzymatic activities, and their close relationship with the membrane

composition.
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4 Contribution, limitations and future perspectives of the
technology developed

This Ph.D. thesis has contributed to develop a novel platform useful for lipidomic and
enzymatic assays in isolated membrane subdomains. This technology allows us to measure
enzymatic activities as proteins maintain their native conformation mainly due to the
preservation of lipid environment in printed raft and non-raft subdomains. Indeed,
RMMAs can provide a useful technology for lipid fingerprint analysis. Moreover, our work
has contributed to expand the knowledge about the lipidic environment in different cell

types and conditions at the scale of membrane subdomains.

One of the limitations of this work is the impossibility of using a quantitative method
for lipidomic analysis, that would provide, for example, an interesting view over the
different fatty acids that are present in rafts GPLs. Nevertheless, despite this limitation,
RMMA technology provide the possibility of analyzing simultaneously many technical
replicas and biological samples. The correct classification of neuronal and astrocytic cell
lines by the lipid fingerprints obtained in RMMAs makes this technology applicable for

the analysis of other cell types and tissues.

A relevant line of work to be pursued is the use of the RMMA technology developed
in this thesis for testing effects of drugs over relevant enzymatic activities present in lipid-
raft domains. This high-throughput technology can provide useful information for

developing a better drug safety profile.
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Lipidomic analysis performed in the CMMA system provide distinguishable lipid
fingerprints of astrocytic human cell membranes after pro-oxidant and antioxidant

treatments.

Lipidomic analysis performed in the newly-developed RMMA system provide a
distinguishable lipid fingerprint of raft and non-raft membrane subdomains from
the astrocytic human cell line in every condition. Likewise, lipidomic analysis in
the RMMA system provide a distinguishable lipid fingerprint of both cell types:

astrocytic and neuronal cell lines.

In this context kNN algorithm can provide an accurate classification of membrane
subdomain (raft and non-raft), condition (control, metabolic stress, and oxidative

stress) and cell type (astrocytes and neurons).

NADH oxidoreductase activity is significantly increased in printed raft domains
from metabolically stressed cells, either compared with printed domains from cells

in control situation or with oxidative stress situation.

GAPDH activity showed no differences between control, metabolic and oxidative
stressed conditions in astrocytic printed rafts domains. However, differences in
GAPDH activity between both cell types were observed, being higher in neuronal

raft membranes.

AchE activity showed a decrease in neuronal printed rafts, compared with
astrocytic printed rafts. Moreover, raft domains from oxidative stressed astrocytes

showed a higher AchE activity.

CMMA and RMMA technologies allow the performance of MS and activity assays
analysis over whole membranes, and raft and non-raft subdomains, with negligible
sample amount. This newly-developed technology is now ready for expanding its
use to testing drug effects over several enzymatic activities present in raft and non-

raft subdomains.
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Table 6: List of all lipids identified in paraquat-treated and non-treated samples using
MALDI-MS. Changes are expressed as change-percentage of paraquat-treated samples
respect control.

PARAQUAT-TREATED ASTROCYTES VS CONTROL

Lipid adduct Regulation Lipid adduct  Regulation Lipid adduct Regulation Lipid adduct  Regulation
Cer 40:0;03 Up PC 280 Up PC0O-32:0 Up PE 0-38:7 Up

Cer 40:1;03 Up PC 29:0 No changes PC O-321 Up PE O-40:5 No changes
Cer 402,03 Up PC 201 Up PC0O-3222 Up PE O-40:6 Up

DG 370 Up PC 300 Down PC O-3300 No changes PG 213;0 Up

DG 42m Up PC302 Up PC0O-341 Up PG 3200 Up

DG 44m No changes PC 310 Up PCO-342 Up PG321 Up

DG 4412 Up PCama Up PC0O-343 Up PG 340 Up

DG O-341 No changes PCa2 Up PC 0O-361 Up PG3q2 Up
HexCer 32:2;,03 Up PC 3200 Down PCO-362 Up PG 361 Up
HexCer 371,03 Up PC321 Up PC0O-363 Up PG36:2 Up
LPC14:0/PC O-14:10 Up PC322 Up PCO-36:4 Up PG 4410 Up
LPC16:0/PC O-16:0 Up PC33:0 Up PCO-36:5 Up PG O-40:7 Down
LPC161 Up PC331 Up PCO-3835 Up PI32:0 Up
LPC18:0/PC O-18:0 No changes PC332 Up PC0O-386 Up PI321 Up
LPC182/PC O-18a Up PC33:4 No changes PCO-387 Up PI3222 Up
LPC18:2 No changes PC33i5 No changes PC O-40:4 Up PI342 Down

LPC O-16:0 Up PC341 Up PC O-g055 No changes PI342 Up

LPC 0162 Up PC 3422 Up PC O-4017 No changes PI351 Up
LPL16:0 Up PC343 Up PE 32:0 Up PI3s52 Up

LPI162 Up PC351 Up PE 321 Up PI 3621 Down
LPI18:0 Up PC35:2 Up PE32:2 Up PI36:2 Up
LPI182/PG 211,02 Up PC353 Up PE 340 Up PI36:3 Up
LPI20:4 Up PC3s5:4 Up PE 341 Down PI36:4 Up

PA 242,03 Up PC35:5 Up PEz42 Up PI37:2 Up

PA 300 Up PC35:6 Up PE351 Up PI382 Up

PA 301 Up PC 361 Up PE 352 Up PI38: Down

PA 10 Up PC 3622 Up PE 362 Down PI38:5 Up

PA 3200 Up PC 36 Up PE 362 Down SM 321,02 Up

PA 321 Up PC 365 Up PE 3633 Up SM 333,02 Up

PA 322 Up PC372 Up PE 36:4/PE 0-36:5;,0 Up SM 33:2;02 Up

PA 331 Up PC37:6 Up PE37a Up SM 341,02 Up

PA 341 Up PC377 Up PE 372 Up SM 34:2;02 Up

PA 3412 Up PC38a No changes PE 381 Up SM 35:1;02 No changes
PA 343 Up PC 382 Up PE 382 Down SM 36:1;02 Down

PA 351 Up PC383 Up PE 383 Up SM 36:2;02 No changes
PA 3352 Up PC 384 Up PE 38:4/PE 0-38:5,0 Up SM 38:1;02 No changes
PA 361 Up PC385 Up PE 38:5/PE 0-38:6;,0 Up SM 401,02 Up

PA 362 Down PC 386 Up PE O-321 Up SM 40:2;02 Up

PA 363 Up PC 387 No changes PE O-32:2 Up SM 411,02 No changes
PA 3614 Up PC 3977 No changes PE O-340 Up SM 41:2;02 No changes
PA 367 No changes PC 405 Up PE O-341 Up SM 423;02 Up

PA 382 Up PC 40:6 Up PE O-34n2 Up SM 42:2;02 Up

PA383 Up PC 4017 Up PE O-3433 Up SM 42:3,02 Up

PA 406 Up PC 0140 Up PE O-361 Up TG 455 Up

PA 416 Up PC 0-16:0 Up PE 0362 Up

PA 436 Up PC 0180 No changes PE O-3633 Up

PAO-321 Up PC 082 Up PE 0365 Up

PA O-3422 Up PC O-300 Up PE O-36:6 Up

PA O-36:0 Up PC O-302 Up PE 0-38:5 Up

PCiga Up PC O-310 No changes PE O-38:6 Up
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Table 7: List of all lipids identified in paraquat-treated samples with or without o-
tocopherol pre-treatment using MALDI-MS. Changes are expressed as change-percentage
of a-tocopherol pre-treated respect non-pre-treated paraquat-treated samples.

o-TOCOPHEROL PRE-TREATED VS NON-PRE-TREATED PARAQUAT-TREATED CELLS

Lipid adduct Regulation Lipid adduct Regulation Lipid adduct Regulation Lipid adduct Regulation
Cer 40:0;03 Up PC 280 Up PC O32:0 Up PEO-38:7 Down
Cer 401;03 Down PC 2g:0 No changes PC O-32a Up PE O-405 Up
Cer 40:2;03 Down PC 201 Down PC 03222 Up PE O-40:6 Up
DG 37:0 Down PC 300 Up PC 0330 Up PG 211;,0 Down
DG 42 Up PC30n Up PC O34a Up PG 320 Down
DG 44m Up PC 310 Up PC O-3422 Up PG 321 Down
DG 4412 Up PC31a Up PC 0343 Down PG 340 Down
DG O-341 No changes PC312 Up PC 0361 Up PG 342 Down
HexCer 32:2,03 Up PC 32:0 Up PC O-36:2 Up PG 362 Up
HexCer 371,03 Up PC32a Up PC 0363 Up PG 36:2 Down
LPC 14:0/PC O14:0 Up PC32:2 Up PC O36:4 Up PG 4420 Down
LPC16:0/PC O16:0 Up PC 330 Down PC 03635 Up PG O-4017 No changes
LPC162 Up PC33a Up PC O-385 Up PI32:0 Up
LPC18:0/PC O18:0 Up PC133:2 Down PC O38:6 Up Pl32a Down
LPC182/PC 0182 Up PC 334 Up PC O-38:7 Up PI32:2 Down
LPC18:2 No changes PC133:5 No changes PC O-404 Down PI34a Down
LPC O-16:0 Up PC34a Up PC O-40:5 Up PI3q4:2 Down
LPC Q62 Up PC34:2 Up PC O-40:7 No changes PI35a Down
LPI16:0 Down PC 3433 Up PE 32:10 Down PI35:2 Down
LPI162 Down PC351 Up PE 321 Up PI36a Down
LPI18:0 Down PC135:2 Down PE 32:2 Down PI36:2 Down
LPI182/PG 212;02 Down PC1353 Down PE 340 Down PI36:3 Down
LPI 20:4 Up PC 3514 Down PE 342 Up PI36:4 Down
PA 242,03 Down PC135:5 Down PE 3422 Up PI3y2 Down
PA 30i0 Up PC 356 Up PE 351 Up PI38:2 Down
PA 301 Up PC 362 Down PE 3522 Up PI38:4 Down
PA 310 Up PC36:2 Up PE 362 Up PI38:;5 Down
PA32:0 Down PC36:4 Down PE 3622 Up SM 322;02 Up
PA 321 Up PC36:5 Up PE 3633 Up SM 333,02 Up
PA 322 Up PC 372 Down PE 36:4/PE O-36:5;,0 | Down SM 33:2;02 Up
PA 332 Up PC3y:6 Up PE 371 Up SM 34:1;02 Up
PA34n Up PC37i7 Down PE 37:2 Up SM 34:2;,02 Up
PA 342 Up PC38a No changes PE 382 Up SM 351,02 Up
PA 343 Up PC 382 Up PE 3822 Up SM 361,02 Up
PA 351 Up PC383 Up PE 383 Up SM 36:2;02 Up
PA 352 Up PC38:4 Up PE 38:4/PE O-38:5,0 Up SM 38:1;02 Up
PA 362 Down PC 385 Up PE 38:5/PE 0-38:6,0 | Up SM 402;02 Up
PA36:2 Up PC38:6 Up PE O-321a Down SM 40:2;02 Up
PA 363 Up PC387 Up PE O-32:2 Down SM 41:1;02 No changes
PA 364 Up PC39:7 Up PE O-34:0 Down SM 41:2,02 Up
PA 367 No changes PC 405 Down PE O-3421 Up SM 421,02 Up
PA 382 Down PC 40:6 Down PE O34:2 Down SM 42:2;02 Up
PA 383 Up PC 4017 Up PE O-3433 Up SM 42:3;,02 Up
PA 406 Down PC 0140 Up PE O-361 Down TG 455 Up
PA 41:6 Down PC O-16:0 Up PE O-36:2 Up

PA 436 Up PC 0180 Up PE 03633 Up

PA O-321 Up PC 0182 Up PE O-36:5 Down

PA O-3422 Up PC O-30:0 Up PE O-36:6 Down

PA 0360 Down PC O30 Up PE 0385 Down

PCiga Up PC O30 No changes PE O-38:6 Up
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Table 8:
-mode.
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Table 10: Pearson correlation coefficient between samples from two arrays: Samples with
number 1 correspond to first array measured and 2 with second array measured.

NRC1  NRLS1 NRPQ1 RAFTCi RAFTLS1 RAFTPQ: NRC2 NRLS2 NRPQ2 RAFTC2 RAFTLS: RAFTPQ: NRSH:i NRSH:2 RAFTISH1 RAFTSH2

NRC 1 LoO 0.87 o077 0.35 087 0.88 0.99 078 0.74 0.96 0.83 0.79 o7 .53 0.54 0.54
NRLS51 0.87 Loo 0.96 0.82 079 087 0.90 0.96 0.05 079 075 0.85 0.2 0.45 0.45 0.4
NRPQ1 0.7 0.96 .00 078 0.8 0.8 078 0.08 0.99 072 o.80 0.90 0.62 0.32 0.3z 0.3z
RAFTC1 0.95 0.8z o078 100 0.94 0.95 0.G1 078 0.77 0.98 0.04 089 0.61 0.42 0.44 0.44
RAFTLS1 0.87 0.79 0.81 0.04 Loo 0.go 0.83 o8 0.77 0.88 0.95 0.86 0.57 0.35 0.36 036
RAFTPQ1 0.88 0.87 0.8 0.95 0.go Loo 0.85 0.87 0.88 0.g1 0.95 0.99 o.60 036 038 0.38
NRCz2 .59 0.0 o7 .01 083 0.85 L00 079 a7 0.03 o77 077 0.74 .55 0,56 0.56
NRLS2 o078 0.g6 0.98 o.78 o.b o.87 079 100 0.8 o.73 0.78 0.87 0.61 0.3 o.30 0.30
NRPQz .74 0.05 0.99 077 o077 0.88 0.76 0.08 Lo0 o.70 0.78 0.0 058 0.28 0.28 0.28
RAFTC2 0.96 079 o072 0.98 0.88 o.g 0.93 073 o0 Loo 087 0.83 0.63 047 0.49 0.49
RAFTLS 2 083 075 0.80 0.94 0.93 0.95 077 078 078 087 L00 0.g2 048 0.20 0.28 0.28
RAFTPQ 2 0.79 085 0.90 089 0.86 0.99 077 0.87 o0.90 083 0.92 L00 0.55 030 032 032
NRSH1 o1 o072 [X>) o.61 057 o.6o0 074 o.61 058 .53 048 0355 Loo 0.93 o.g2 o.g2
NRSHz 0.53 0.45 0.32 0.42 035 036 0.55 o3 0.28 0.47 0.26 0.30 0.93 Loo 0.99 0.99
RAFTSH1 0.54 0.45 0.3z 0.44 0.36 038 0.56 0.30 0.28 0.45 0.28 0.3z 0.92 0.99 100 .00
RAFTSH =2 0.54 0.44 0.32 0.44 0.36 038 0.56 0.30 0.28 0.43 0.28 032 0.92 0.99 100 LoD

NRC1 NRLS1 NRPQ:1 NRSHi1 RaftCi RaftlS1 RaftPQ1 RaftSHi NRC2 NRL5z NRPQ: NRSH2 RafiC: RafilS: RaftPQ2 RaftSH2

NRC1 L00 0.98 085 0.86 0,99 0.67 0.97 0.87 .97 0.96 0.08 084 .99 0.96 0.08 0.87
NRLS1 a.g8 Loo 0.88 094 a.g6 0.95 0.95 0.95 0.96 0.96 0.97 0.92 0.7 0.95 a.gb ags
NRPQ1 .85 .88 100 074 .81 .50 0.90 .76 .90 o.80 .79 o7 a.87 .93 o.8g .75
NRSH1 0.86 0.94 074 100 0.85 0.80 0.82 Loo o84 0.8g a.8g a.g9 .85 o8 0.82 Loo
RaftC1 a.g9 0.96 081 0.85 Loo 0.94 0.97 a.86 a.gs 0.g6 a.09 a.8g 0.90 0.03 a.g8 0.86
RaftlS1 0.97 0.95 0.9 080 0.1 100 0.03 0.83 Loo 0.go 0.92 0.78 0.93 100 0.03 0.6
RaftPQ1 097 0.95 0.go 0.82 o.g7 0.g3 1.00 0.83 a.gs 0.93 0.95 a.80 0.9 0.94 Loo 0.83
RaftSH1 o.87 .55 .76 100 0.86 .83 0.83 LOO .85 0.50 0.90 .09 o.87 0.83 0.84 Loo
NRCz2 0.97 0.96 0.0 084 0.04 Loo 0.04 0.85 LoD 0.92 0.4 o.81 0.94 0.99 0.04 084
NRLS 2 0.6 0.96 o.8o 0.8g 0,96 0.g0 .93 0.g0 .52 Loo 0.97 .88 o.g6 0.90 0.04 o.8g
NRPQ 2 0.g8 0.97 0.79 0.8g 0.99 0.92 0.95 0.go 0.94 0.97 100 0.88 0.97 0.91 0.95 0.8g
NRSHz2 o84 .92 oq 0.99 084 0.78 0.80 0.99 .81 0.88 .88 LoD 0.84 o.78 o081 0.99
RaftCa 0.99 0.97 087 0.85 0.99 0.g3 0.99 0.87 0.94 0.96 0.97 084 Loo 0.94 LoD 0.86
RaftlSz 0.g6 0.95 0.93 o8 0.03 Loo 0.04 0.83 .99 0.0 o.g1 0.78 0.94 100 0.04 082
RaftPQ 2 0,68 0.96 o.8g 0.82 0,958 0.93 1.00 0.84 0,04 0.94 0.95 o.81 Loo 0.94 LOO 084
RaftSH 2 0.87 0.94 75 100 .86 081 0.83 Loo 084 0.8g a.8g a.g9 0.86 o0.82 0.8q Loo

Table 11: Sample classification control cells’ raft and non-raft control astrocyte samples
algorithms by lipid fingerprint.

CONTROL ASTROCYTE RAFT AND NON-RAFT CLASSIFICATION

All lipid adducts
Model Area under ROC Classification accuracy F-1  Precision Recall
k-Nearest Neighbor 1.0 1.0 1.0 1.0 1.0
Random Forest 1.0 0.8333 0.8285 0.8750 1.0
Neural Network 0.8880 0.9166 0.9166 0.9285 0.9166
Naive Bayes 1.0 0.9166 0.9166 0.9285 0.9166
Ne of Principal components Variability explained Sampling type
9 95% Stratified 10- fold cross validation

50 best ranked lipid adducts

Model Area under ROC Classification accuracy F-1 Precision Recall
k-Nearest Neighbor 1.0 10 L0 1.0 1.0
Random Forest L0 1.0 1.0 1.0 1.0
Neural Network 1o 1.0 1.0 1.0 1.0
Naive Bayes 0.9722 0.9166 0.9160 0.9285 0.9166
Ne of Principal components Variability explained Sampling type
2 92% Stratified 10- fold cross validation
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Table 12: Sample classification Low serum- starved cells’ raft and non-raft samples
algorithms by lipid fingerprint.

LOW SERUM ASTROCYTES RAFT AND NON-RAFT CLASSIFICATION

All lipid adducts

Model Area under ROC Classification accuraty Fa Precision  Recall
k-Nearest Neighbor L0 1.0 1.0 1.0 1.0
Random Forest L0 1.0 1.0 1.0 1.0
Neural Network 0.8333 0.8333 0.8333 0.8333 0.8333
Naive Bayes 0.9722 0.9167 0.9161 0.9286 0.9167
Ne of Principal components  Variability explained Sampling type
8 g5% Stratified 10- fold cross validation
50 best ranked lipid adducts
Model Area under ROC Classification accuracy Fa Precision  Recall
k-Nearest Neighbor Lo 1.0 1.0 1.0 10
Random Forest 1.0 0.9167 0.9161 0.9286 0.9167
Neural Network 10 0.8333 0.8286 0.8750 0.8333
Naive Bayes L0 1.0 1.0 1.0 1.0
Ne of Principal Components Variability explained Sampling type
2 99% Stratified 10- fold cross validation

Table 13: Sample classification paraquat exposed raft and non-raft samples algorithms by
lipid fingerprint.

PARAQUAT TREATED RAFT AND NON-RAFT CLASSIFICATION

All lipid adducts
Model Area under ROC Classificationaccuracy ~ F-1 Precision Recall
k-Nearest Neighbor L0 1.0 1.0 1.0 1.0
Random Forest 1.0 1.0 1.0 1.0 1.0
Neural Network 0.8889 0.6666 0.6250  0.8000 0.6666
Naive Bayes 1.0 0.9167 0.9161 0.9286 0.9167
Ne of Principal components Variability explained Sampling type
8 93% Stratified 10- fold cross validation
50 best ranked lipid adducts
Model Area under ROC Classification accuracy F-1 Precision Recall
k-Nearest Neighbor 10 1.0 1.0 10 1.0
Random Forest 1.0 1.0 1.0 1.0 1.0
Neural Network Lo 1.0 1.0 Lo Lo
Naive Bayes 1.0 1.0 1.0 1.0 1.0
Ne of Principal components Variability explained Sampling type
2 98% Stratified 10- fold cross validation
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Table 14: Sample classification control situation raft and non-raft samples from neuron cell
line. Algorithms used for lipid fingerprint classification.

CONTROL NEURON RAFT AND NON-RAFT CLASSIFICATION
All lipid adducts

Model Area under ROC Classification accuracy  Fa Precision Recall
k-Nearest Neighbor 1.0 1.0 1.0 1.0 1.0
Random Forest 0.8888 0.6666 0.6571 0.6875 0.6660
Neural Network 0.6388 0.5000 0.4857 0.5000 0.5000
Naive Bayes 0.8333 0.8333 0.8285 0.8750 0.8333
Ne of Principal components Variability explained Sampling type
8 90% Stratified 10- fold cross validation

50 best ranked lipid adducts

Model Area under ROC Classification accuracy  Fa Precision Recall
k-Nearest Neighbor 1.0 1.0 1.0 1.0 1.0
Random Forest 1.0 1.0 1.0 1.0 1.0
Neural Network 0.9999 1.0 1.0 1.0 1.0
Naive Bayes 0.9444 0.8333 0.8333 0.8333 0.8333
Ne of Principal components Variability explained Sampling type
2 92% Stratified 10- fold cross validation

Table 15: Non-raft domains from cells in metabolic stress situation. Classification
algorithms in both whole lipid content and 50 best-ranked lipid adducts.

METABOLIC STRESS- NON-RAFT LOW SERUM STARVED AND CONTROL SITUATION

CLASSIFICATION
All lipid adducts
Model Area under ROC Classification accuracy Fa Precision Recall
k-Nearest Neighbor 1.0 0.7500 0.7333 0.8333  0.7500
Random Forest 0.9166 0.7500 0.7482 0.7571 0.7500
Neural Network 0.5833 0.5833 0.5555 0.61m 0.5833
Naive Bayes 1.0 0.9166 0.9160 0.9285  0.9166
Ne of Principal components  Variability explained Sampling type
8 92% Stratified 10- fold cross validation
50 best ranked lipid adducts
Model Area under ROC Classification accuracy Fa Precision Recall
k-Nearest Neighbor 1.0 Lo 1.0 1.0 1.0
Random Forest 0.9444 0.9166 0.9160 0.9286 0.9166
Neural Network Lo Lo Lo 10 1.0
Naive Bayes 0.7500 0.5833 0.5804 0.5857 0.5833
Ne of Principal components Variability explained Sampling type
4 1% Stratified 10- fold cross validation
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Table 16: raft domains from metabolic stressed cells. Classification algorithms in both
whole lipid content and 50 best-ranked lipid adducts.

METABOLIC STRESS- RAFT DOMAIN FROM PARAQUAT EXPOSED AND LOW SERUM STARVED

ASTROCYTES CLASSIFICATION

Model

k-Nearest Neighbor
Random Forest
Neural Network

Naive Bayes

Model

k-Nearest Neighbor
Random Forest
Neural Network
Naive Bayes

All lipid adducts

50 best ranked lipid adducts

Area under ROC Classification accuracy Fa Precision Recall
1.0 1.0 1.0 1.0 1.0
0.8055 0.8333 0.8285 0.8750 0.8333
0.5833 0.5000 0.4857 0.5000 0.5000
0.9 0.8333 0.8285 0.8750 0.8333
Ne of Principal components Variability explained Sampling type
8 94% Stratified 10- fold cross validation

Area under ROC Classification accuracy Fa Precision Recall
1.0 1.0 1.0 1.0 1.0
1.0 1.0 1.0 1.0 1.0
1.0 1.0 1.0 1.0 1.0
1.0 1.0 1.0 1.0 1.0
N¢ of Principal components  Variability explained Sampling type
2 98% Stratified 10- fold cross validation

Table 17: Oxidative stress. Non-raft samples from paraquat exposed and low serum starved
cells. Classification algorithms in both whole lipid content and 50 best-ranked lipid

adducts.

OXIDATIVE STRESS - NON-RAFT PARAQUAT EXPOSURE AND LOW SERUM STARVATION CLASSIFICATION

Model

k-Nearest Neighbor
Random Forest
Neural Network
Naive Bayes

Model

k-Nearest Neighbor
Random Forest
Neural Network

Naive Bayes

All lipid adducts

Area under ROC Classification Accuracy Fa Precision  Recall
0.5 0.6 0.6 0.6 0.6
0.5000 0.5833 0.5804 0.5857 0.5833
0.4444 0.5833 0.5555 0.6111 0.0000
0.8888 0.8333 0.8285 0.8750 0.5823
Ne of Principal components  Variability explained Sampling type
8 94% Stratified 10- fold cross validation
50 best-ranked lipid adducts
Area under ROC Classification Accuracy Fa Precision  Recall
0.8750 0.7500 0.7333 0.8333 0.7500
0.6944 0.6666 0.6571 0.6875 0.6666
0.6666 0.7500 0.7333 0.8333 0.7500
0.8888 0.8333 0.8333 0.8333 0.8333
Ne of Principal components Variability explained Sampling type
4 1% Stratified 10- fold cross validation
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Table 18: Oxidative stress. raft samples from paraquat exposed and low serum starved cells.
Classification in both whole lipid content and 50 best-ranked lipid adducts.

OXIDATIVE STRESS — RAFT PARAQUAT EXPOSED AND LOW SERUM STARVED CLASSIFICATION
All lipid adducts

Model Area under ROC Classification accuracy Fa Precision  Recall
k-Nearest Neighbor L0 10 L0 10 1.0
Random Forest 0.8888 0.9167 0.9160 0.9285 0.9167
Neural Network 0.7500 0.5000 0.4857  0.5000 0.5000
Naive Bayes 0.7500 0.6666 0.6571 0.68735 0.6666
Ne of Principal components Variability explained Sampling type
8 94% Stratified 10- fold cross validation
50 best ranked lipid adducts
Model Area under ROC Classification accuracy Fa Precision Recall
k-Nearest Neighbor Lo 1.0 1.0 Lo 1.0
Random Forest 1.0 0.9166 0.g160  0.9286 0.9166
Neural Network 10 1.0 1.0 10 1.0
Naive Bayes 1.0 1.0 1.0 1.0 1.0
Ne of Principal components  Variability explained Sampling type
2 96% Stratified 10- fold cross validation

Table 19: Astrocyte and neuron cell line lipid fingerprint classification, both raft and non-
raft domains from control situation cells.

ASTROCYTE AND NEURON RAFT AND NON-RAFT CLASSIFICATION

All lipid adducts

Model Area under ROC Classification accuracy Fa Precision Recall
k-Nearest Neighbor 1.0 1.0 1.0 1.0 10
Random Forest 1.0 1.0 1.0 1.0 1.0
Neural Network 1.0 1.0 Lo 1.0 1.0
Naive Bayes 1.0 1.0 1.0 1.0 1.0
Ne of Principal components Variability explained Sampling type
17 93% Stratified 20- fold cross validation

50 best ranked lipid adducts

Model Area under ROC Classification accuracy Fa Precision Recall
k-Nearest Neighbor 1.0 1.0 1.0 1.0 10
Random Forest 1.0 1.0 1.0 1.0 1.0
Neural Network 1.0 1.0 1.0 1.0 1.0
Naive Bayes 1.0 1.0 1.0 1.0 1.0
Ne of Principal components Variability explained Sampling type
4 95% Stratified 20- fold cross validation
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Non-Raft and Raft membranes
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Figure 50: Principal Component Analysis (PCA) of non-raft and raft domains from
astrocytes in control situation in positive and negative ion-mode separately.
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Non-Raft and Raft membranes
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Figure 51: Principal Component Analysis (PCA) of non-raft and raft domains from
astrocytes in low serum starvation in positive and negative ion-mode separately.

168



APPENDIX

Non-Raft and Raft membranes
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Figure 52: Principal Component Analysis (PCA) of non-raft and raft domains from paraquat
exposed astrocytes in positive and negative ion-mode separately.
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Non-Raft and Raft membranes
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Figure 53: Principal Component Analysis (PCA) of non-raft and raft domains from human
neurons in control situation in positive and negative ion-mode separately.
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Figure 54: Principal Component Analysis (PCA) of non-raft domains from human astrocytes
in control situation and low serum starvation in positive and negative ion-mode

separately.
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Metabolic stress in Raft membranes
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Figure 55: Principal Component Analysis (PCA) of raft domains from human astrocytes in
control situation and low serum starvation in positive and negative ion-mode separately.
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Oxidative stress in Non- Raft

membranes
Non-Raft Non-Raft
Paraquat Low Serum

Negative ion-mode

All lipids 50-best ranked lipids
8 . 8 .
¢ °
1
L4 |
°
~N ® ~N
g o g s
. : .
T o ° ) ®e
-8
Vl P&l ‘ ‘ | . ._PC1
Positive ion-mode
. R .
o ~N
o o
=% =%
P oo ° w 9 e ¢
4 ¢ ) . °
- PC1 - - PC.1

Figure 56: Principal Component Analysis (PCA) of non-raft domains from human astrocytes
in low serum starvation and paraquat exposure in positive and negative ion-mode
separately.
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Oxidative stress in Raft membranes
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Figure 57: Principal Component Analysis (PCA) of raft domains from human astrocytes in
low serum starvation and paraquat exposure in positive and negative ion-mode separately.
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Cell population differences in raft membranes
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Figure 58: Principal Component Analysis (PCA) of raft domains from human astrocytes and
human neurons in control situation in positive and negative ion-mode separately.
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Cell population differences in non-raft membranes
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Figure 59: Principal Component Analysis (PCA) of non- raft domains from human
astrocytes and human neurons in control situation in positive and negative ion-mode
separately.
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APPENDIX III

Correlation of lipid adducts and enzymatic

activity
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Figure 60: Correlation matrix of NADH or GAPDH activity assays and m/z values of lipidic
adducts. A) Correlation matrix of different m/z values of lipid adducts with NADH oxidoreductase
activity. B) Correlation matrix of different m/z values of lipid adducts with GAPDH activity.
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Table 20: Correlation of GAPDH and NADH activity and diverse tentatively-assigned
sphingomyelins obtained in lipid raft domains.

CORRELATION GAPDH - SM

CORRELATION NADH - SM

m/z
790,62
808,6458
840,7084
790,5519
712,5003
758,6302
786,6015
674,5363
702,5676
784,6458
810,6615
812,671
814,6028

178

Lipid adduct
SM 382,04
SM 42:4;02
SM 44:2;02
SM 34:2;02
SM 30:0;06
SM 381,02
SM 401;02
SM 32:1;02
SM 343,02
SM 40:2;02
SM 42:3;02
SM 42:2;02
SM 422,02

R2
0,2606
0,2204

0,1701
0,3258
0,3054
0,2872
0,3551
0,4725
0,4459
0,457
0,4383
0,4103
0,4194

p-value

0,0108*
0,02067
0,0452 %
0,0036*%
0,0051%*
0,0069 **
0,0021%7
0,0002 ***
0,0004 ***
0,0003 ***
0,0004 ***
0,0007 ***
0,0006 ***

sig.

m/z
684,469
708,518
736,5731
728,5832
730,5989

Lipid aduct
SM 28:0;06
SM 32:0;04
SM 34:0;04
SM 36:2;02
SM 361;02

Rz
0,1874
0,2401
0,2093
0,3347
0,5406

p-value sig.
0,0346 ™
0,013%
0,0246*
0,0031%*
<0,0001 ****
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