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Abstract

A wealth of undiscovered scientific information is held within our oceans.
Elucidation of this scientific information will play a leading role in understanding the
aqueous environment.

This thesis focuses on two main research goals. The first one involves the
qualitative and quantitative investigations of the protein composition of Atlantic cod
(Gadus morhua) otoliths. Cod otoliths have been sampled for decades; however, a wealth
of information remains to be uncovered. With advancements in novel scientific
technologies, we are beginning to probe the physiological and biochemical blueprints of
their proteins and biomarker components. This research will help clarify how the aqueous
environment influences the full life history of fish.

Most importantly, it will contribute to efforts aimed at preserving fish populations
for future generations. The detailed study of otolith protein composition is an emerging
scientific field that seeks to explain the diverse roles of otolith proteins and their
relationships with physiological and biochemical growth functions.

The second goal of this thesis involves the structural elucidation of
lipopolysaccharide (LPS) components from marine Gram-negative bacteria that impact
aquaculture ventures. The LPS of bacterial cell walls contains lipid A, which is essential
for fish vaccine development and is used as a vaccine adjuvant. Therefore, we will explore
the molecular structure of two lipid A molecules, isolated from different Gram-negative

marine bacteria belonging to the Vibrionaceae and Aeromonadaceae families.
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Chapter 1 Introduction:

In this introduction, I will provide the literature background for this work, offering
the fundamental information necessary to understand the two research studies presented.
We will discuss the advantages of structurally investigating Atlantic cod otolith proteins,
the structural elucidation of lipid A biomolecules from marine Gram-negative bacteria, and

the principles of mass spectrometry along with its applications in these studies.

1.1. Atlantic cod (Gadus Morhua)

Atlantic cod (Gadus morhua) is a species of great ecological and economic
importance, known for its role in the North Atlantic ecosystem and its value in commercial
fisheries [1-3]. These fish inhabit all waters overlying the continental shelves of the
Northwest and the Northeast Atlantic Ocean [4]. However, their population is impacted by
both overfishing and climate change [5, 6].

In Canada, Atlantic cod are found continuously along the east coast from Georges
Bank and the Bay of Fundy in the south, moving northward along the Scotian Shelf,
throughout the Gulf of St. Lawrence, around the island of Newfoundland, and extending
along the eastern shores of Labrador and Baffin Island, Nunavut. There are also three
landlocked populations of Atlantic cod on Baffin Island [4]. They are known for their
remarkable adaptability to different environments, including variations in temperature and

salinity. This adaptability is evident in the Baltic Sea, where cod populations are managed



as distinct western and eastern stocks, each exhibiting unique physiological and life-history

traits [1].

1.1.1. Atlantic Cod's Otolith

Fish otoliths are biominerals found in the inner ear commonly used for tracking fish
bio-chronologies and as a model system for biomineralization [7]. The inner ear of the
Atlantic cod, like other teleost bony fishes (Figure 1-1), includes three semicircular canals
(anterior, posterior, and horizontal), three otolithic end organs: the saccule, utricle, and
lagena, each housing a specific otolith: the sagitta, lapillus, and asteriscus, respectively [8-
10]. These otoliths are encased within fluid-filled sacs known as the end organs of the inner
ear. The fluid, known as endolymph, is rich in both inorganic materials and proteins, which
play a crucial role in the growth and maintenance of otoliths [11]. Each otolith organ
contains a macula, a specialized sensory region covered with hair cells. The movement of
these otoliths causes the hair cells in the macula to bend, converting mechanical stimuli
into electrical signals that are then recognized by the nervous system (Figure 1-1 A) [12,
13].

The sagitta, being the largest, is most commonly studied due to its detailed growth
rings, which provide valuable insights into the fish's age and growth patterns [14, 15].
Otoliths are dense structures composed primarily of calcium carbonate (CaCOs3) embedded

in an organic matrix, and they grow incrementally through daily deposition of concentric

layers [16-21].
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Figure 1-1. Inner ears of teleost fish. A) Otolith structure of a fish. B-C) Right labyrinth with
semicircular canals and end organs with otoliths shown in shaded gray and maculae shown in red
in lateral view (B) and medial view (C). This figure is reprinted from Open Access sources [13,
22].

The role of otoliths extends beyond their structural composition; they are integral
to the fish's sensory systems, particularly in hearing and balance. Otoliths detect sound and
motion, transmitting vibrations to the sensory hair cells in the inner ear, which then relay
this information to the brain [23, 24]. Unlike other calcified tissues, otoliths are
metabolically inert [25], meaning that the materials deposited throughout the fish's life
remain unchanged. This makes them valuable for studying environmental influences on
fish physiology, as the composition of the otoliths can reflect changes in water chemistry
and temperature over time [16, 21, 25, 26]. Moreover, the continuous growth of otoliths
serves as a biological record, providing critical data for fisheries research, including

insights into the fish's life history, migration patterns, and environmental interactions [5,

27].



The detailed analysis of otolith structure and composition has enabled researchers
to better understand the impacts of various environmental factors, such as temperature
fluctuations and habitat changes, on Atlantic cod populations [5, 27]. For instance, studies
have shown that the shape and size of otoliths can vary depending on the cod's growth
conditions, which can be influenced by factors such as food availability, water temperature,
and salinity. This makes otoliths an essential tool not only for age determination but also

for assessing the overall health and viability of cod stocks in different regions [5, 27].

1.1.2. Identified Otolith Proteins

Proteins, constituting only 2-3% of the otolith's composition, play a critical role in
the biomineralization process that shapes and maintains these structures [28, 29]. The
protein matrix within the otolith provides a substrate for CaCOj3 deposition and influences
the polymorphism of the deposited CaCOs, determining whether it forms as aragonite or
calcite [28-30]. These proteins are crucial in the biomineralization process that shapes and
maintains these structures [14, 31].

One of the primary proteins involved in this process is otolin-1, a glycoprotein that
forms a scaffold for calcium carbonate deposition, which is crucial for the
biomineralization of otoliths. It contains a Clqg-like structural domain forming a stable
trimer in the presence of calcium ions and is responsible for protein trimerization and Ca**
binding, which are essential for the biomineralization of otoliths [30]. Otolin-1 has also
been identified as a component of the otolithic membrane, which binds the otolith to the

sensory macula [8, 23, 32]. In zebrafish, the knockdown of otolin-1 results in reduced



otolith growth rates, larger and malformed otoliths, and even the fusion of sagitta with
lapilli within 72 hours post-fertilization [23, 32]. Otolith matrix protein-1 (OMP-1) is
directly involved in otolith growth through coordinating hydrogen carbonate deposition
and is essential for the proper placement of otolin-1 on the growing discontinuous zone of
otolith [23, 32]. The importance of OMP-1 is highlighted by studies in zebrafish, where its
knockdown leads to smaller, misshapen otoliths, emphasizing its essential role in otolith
formation and growth [32].

Otoconin-90 (OC90) is crucial in nucleating CaCOj crystals within the otolith. This
highly acidic protein can bind to calcium ions and is required to recruit other proteins into
the otolith organic matrix [30, 33]. Cochlin, another matrix protein, also plays a role in
maintaining the structural integrity of the otolith [34]. Proteins like starmaker and its
homolog, starmaker-like protein, are key regulators of crystal polymorph selection and
serve as a template for CaCOs crystal nucleation [23, 35, 36].

Osteopontin plays an important role in otolith mineralization, inhibiting excessive
mineral deposition and thereby contributing to the precise formation of otolith layers [14,
37]. Other proteins, like the precerebellin-like protein, are believed to interact with otolin-
1 during matrix assembly [23, 38].

Beyond structural proteins, the otolith contains anchoring proteins such as otoglin,
otoglin-like, and a-tectorin [14, 30, 32, 39]. Otogelin and otogelin-like specifically anchor
the otolith to the macula, which is essential for accurate sensory perception [23, 40]. a-
Tectorin is thought to be essential for cell adhesion [23, 40]. However, the complete protein

composition within otoliths has yet to be fully studied [30].



Then, I will describe the background of the second part of this work, which deals

with the molecular structure elucidation of bacterial lipid A.

1.2. Marine Gram-Negative Bacteria

Marine Gram-negative bacteria are a diverse and ecologically critical group of
microorganisms inhabiting the world’s oceans. Their unique cell wall structure,
particularly the presence of lipopolysaccharides (LPS), is essential for their survival and
interactions within the marine environment [41, 42]. LPS plays a key role in protecting
these bacteria from harsh conditions and mediating interactions with host organisms,
making it a focal point in understanding their pathogenic potential and ecological
significance [41].

These bacteria are essential for maintaining the health of marine ecosystems and
serve as a rich source of novel bioactive compounds with promising applications in
biotechnology and medicine. The pharmaceutical industry is increasingly exploring these
microorganisms for new compounds, particularly those that can combat antibiotic-resistant
pathogens [41, 43, 44].

Usually, conventional Gram stain tests will distinguish the group of bacteria by
colour. The Gram-positive bacteria show a blue or purple colour after staining and possess
a thick cell wall. Gram-negative bacteria display a pink or red colour and show a thin wall,
reflecting differences in the cell envelope architecture [45, 46]. Gram-positive and -
negative bacteria possess a cytoplasmic membrane composed of a phospholipid bilayer

bordering the cytosol and provides a semipermeable barrier that regulates the movement



of molecules in and out of the cell [45]. However, Gram-positive bacteria have a thick
peptidoglycan layer and lack an outer phospholipid bilayer or lipopolysaccharides (LPS),

which are characteristic of Gram-negative bacteria (Figure 1-2) [45, 47].

Gram-positive Gram-negative
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Figure 1-2. Differences between Gram-positive and Gram-negative bacterial cell walls. This figure
is reprinted from an Open Access source [47].

The structural diversity of LPS among different marine Gram-negative bacteria is
especially significant, as certain pathogenic strains can cause substantial damage to marine
life, leading to economic losses in aquaculture and fisheries [41, 48]. Understanding these
structural features is crucial for developing effective therapeutic strategies and mitigating

the impact of these bacteria on marine industries [41, 48].



1.2.1. The Cell Envelope of Gram-Negative Bacteria
There are three principal layers in the envelope: the outer membrane (OM), the thin

peptidoglycan cell wall, and the cytoplasmic or inner membrane (IM), as shown in Figure

1-3 [46, 49].
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Figure 1-3. Schematic of the Gram-negative cell envelope. The outer membrane is an asymmetric
bilayer with the inner leaflet. The inner leaflet is composed of phospholipids and proteins. The
outer leaflet contains lipopolysaccharides, proteins, and phospholipids. Kdo, 3-deoxy-D-manno-
octulosonic acid and Hep, L-glycero-D-manno-heptose. This figure was created by BioRender.

The OM is a unique asymmetric phospholipid bilayer in which the inner leaflet is
composed of glycerophospholipids; however, the external leaflet is rich in LPS, which
covers up to the majority of the cell surface [50, 51]. Rooted in the OM are integral

membrane proteins like porins, which serve as channels for the passage of small

hydrophilic molecules, as well as lipoproteins [50, 51].



The cell wall peptidoglycan (also called murein) is a rigid layer that confers shape
and osmotic strength to the bacterial cell and encloses the cytoplasmic membrane. The
polymeric network of the peptidoglycan is formed by carbohydrate backbone chains of N-
acetyl-D-glucosamine and N-acetylmuramic acid that are cross-linked by penta-peptide

chains [45, 46].

1.2.1.1. LPS Structure

LPSs, also known as endotoxins, are the primary component of the outer leaflet of
the OM of Gram-negative bacteria and are critical for their viability [49]. In most bacteria,
LPS displays a common structural architecture that includes three domains: a lipophilic
moiety known as lipid A, a hydrophilic polymeric molecule called the O-specific
polysaccharide, and a relatively shorter oligosaccharide known as the core oligosaccharide
(OS) (Figure 1-4). The core OS can be further divided into two regions: the inner core OS,
which is proximal and attached to lipid A, and the outer core OS, which is distal and
adjacent to the O-antigen [45, 50, 52]. The complete LPS comprising all three regions is
termed “smooth” (S) LPS, while LPS lacking the O-chain and/or portions of core OS the

LPS is called “rough” [53].
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Figure 1-4. The general structure of LPS from Gram-negative bacteria: All known forms of LPS
consist of a lipid A domain and a covalently linked saccharide moiety composed of the core region
(oligosaccharide) (Rough LPS), plus a polysaccharide portion, the O-antigen (Smooth LPS). This
figure was created by BioRender.

LPSs are an effective permeability barrier, protecting bacteria against external
stress factors [54]. It plays an essential structural role in the assembly and stability of the
OM, which is vital for bacterial survival [45, 51]. LPS is a heat-stable, amphiphilic complex
of macromolecules that provides a permeability barrier to various organic molecules,
biomolecules, and metals [45, 51]. On the bacterial surface, LPSs act as a pathogen-
associated molecular pattern (PAMP) that is recognized by the host immune system,
typically leading to pathogen elimination [55, 56].

Gram-negative bacteria can modify the LPS structures to evade the immune system
detection and resist defense factors such as complement and antibiotics. These
modifications often involve changes in the lipid A region of LPS or alterations to the O-

antigen, making it harder for immune cells to detect and attack the bacteria. This highlights

the high variability of LPS in the cell wall [57-61].
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Extensive research has been conducted to uncover the structure and biosynthesis of
various components of LPS molecules [45, 62-66], as well as the mechanisms of LPS-

induced immune activation [45, 67, 68].

1.2.1.1.1. LPS O-Specific Antigens

The O-specific chain, also called the O-antigen, is a repetitive polysaccharide
polymer composed of up to 50 repeating oligosaccharide units, with each unit consisting
of 2 to 8 monosaccharide residues [53, 58, 69]. The structure and composition of the O-
antigen vary across different bacterial genera and serotypes due to differences in sugar
units, glycosidic linkages, and non-carbohydrate components [53, 69]. This diversity
results from genetic variability and leads to unique O-chain structures, which can be linear
or branched [53, 70-81].

The presence or absence of the O-antigen determines whether the bacterial LPS is
classified as smooth or rough. A full-length O-antigen renders the LPS smooth, while the
absence of O-antigen chains results in a rough LPS. Additionally, semi-rough LPS
structures contain a single O-chain unit attached to the core-lipid A oligosaccharide

(Figure 1-4) [53, 82, 83].

1.2.1.1.2. LPS Core Oligosaccharide
The core oligosaccharide is situated between the O-antigen region of the LPS and
the lipid A region. Compared to the O-antigen, the core oligosaccharide is more conserved

in both structure and composition and can be divided into inner and outer subdomains [53].
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The inner core typically contains unique residues, such as 3-deoxy-D-manno-oct-2-
ulosonic acid (Kdo) and L-glycero-D-manno-heptose (Hep), which are hallmarks of the
LPS [53, 69, 84]. The presence of the Kdo residue at the reducing end of the core
oligosaccharide is crucial for the biological activity of the LPS [53, 61]. Kdol is linked to
lipid A through a glycosidic bond at the O-6' position of lipid A [45, 53].

The outer core in LPSs generally consists of an oligosaccharide chain of up to six
sugar units linked to the second heptose (Hepll) in the inner core. It is often branched with

glucose (Glc), galactose (Gal), or their derivatives [53].

1.2.1.1.3. LPS Lipid A

Lipid A is the portion of the LPS that anchors it to the bacterial cell membrane [53].
In most Gram-negative bacteria, lipid A is the most conserved LPS region. However,
structural variations exist across bacterial species [45, 85]. Typically, the disaccharide
backbone of lipid A is composed of 2-amino-2-deoxy-D-glucopyranose (GlcpN). In some
species, 2,3-diamino-2,3-dideoxy-D-glucosamine (GIcN3N) is present, or a mixture of
both may occur [85]. The 1- and 4'-positions are typically substituted with phosphate (P)
or phosphate esters but can also be substituted with hydrogen or galacturonic acid. The
degree of acylation varies from 4 to 8 acyl groups depending on the species [85].

In most Gram-negative bacteria, lipid A consists of a disaccharide structure, 3-D-
GlepN-(1—6)-0-D-GlepN. Phosphorylation typically occurs at the 1-position D- GlepN 1

residue (reducing end) and at 4'- position the B-D- GlepN II residue (non-reducing).
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Acylation occurs at the C-2, C-2', C-3, and C-3' positions of both D-GlcpN residues via
amide and ester linkages [45].

The first structurally elucidated lipid A was from E. coli, consisting of -D-GlcpN-
(1—-6)-0-D-GlepN. It is N-acylated at positions 2 and 2' and O-acylated at positions 3 and
3' of both GlepN residues, with (R)-3-hydroxy-myristoyl groups (C14:0(3-OH)) as primary
fatty acids. Both primary acyl groups attached to GlepN 11 are esterified at their 3-hydroxy
group with two secondary fatty acids: the amide-linked fatty acid bears a lauroyl group

(C12:0), and the ester-linked fatty acid carries a myristoyl group (C14:0) (Figure 1-5) [45].

o 0
o
CH; CH;
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H,C 14
14 HyC

14

Figure 1-5. Structure of lipid A of £. Coli. This figure was generated using ChemDraw Prime.

Lipid A structures with GIcN3N disaccharide backbone have been identified in

various bacterial species, such as Aquifex pyrophilus [86], Brucella abortus [87],
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Bacteriovorax stolpii [88], Caulobacter crescentus [89], Mesorhizobium huakuii [90],
Bradyrhizobium elkanii [91], Bartonella henselae [92], Legionella pneumophila [93]. The
major lipid A structural variant of Campylobacter jejuni, a bacterium responsible for
gastrointestinal diseases, contains a hybrid backbone of a GIcN3N-(1—6)-GlepN

disaccharide (Figure 1-6) [94].
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Figure 1-6. Schematic structure of lipid A from C. jejuni wild-type 11168. Variable acyl linkages
are indicated in red (X), representing either oxygen (O) or nitrogen (NH), depending on whether
GlcpN or GIcN3N is present. Variable phosphoethanolamine group(s) are shown in brackets. This
figure was generated using ChemDraw Prime.

Variations in lipid A across bacterial species involve differences in the sugar
backbone, phosphate modifications, and the number, type, and distribution of fatty acids
[45]. These structural differences may occur between genera or even within species of the

same genus. (Table 1-1) [45].
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Table 1-1. Substitution patterns of the lipid A disaccharide backbone in various studied bacteria
[45].

Bacteria GlcpN* 11 or (GIeN3NP II) GlcpN? I or (GIeN3N" I)
0-4' 0-3' N-2' 0-3 N-2 0-1
Acinetobacter Pe C12:0 C12:0 [3-O C12:0 (3- C12:0/C14 Pe
radioresistens © [3-O0 (C12:0)] OH) :0 [3-0
[95] (C12:0)] (C12:0)]
Acinetobacter P C12:0 C14:0 [3-O C12:0 (3- C14:0 [3- pe
baumannii© [96] [3- (C12:0(2- OH) 0 (C12:0)]
O(C12:0 A OH)]
)]
Aeromonas P C14:0 C14:0 [3-O0 C14:0 (3- C14:0 (3- —
salmonicida“ [97] [3-O0 (C12:0)] OH) OH)
(C16:1)]
Agrobacterium P C14:0 C16:0 [3-O C14:0 (3- C16:0 (3- P
tumefaciens ¢ [98] (3-OH) (28:0(27-0 OH) OH)
(C4:0 (3-
OH)]
Alteromonas Pe C12:0 C12:0 [3-O C12:0 (3- C12:0 (3- Pe
macleodii® [99] (3-OH) (12:0)] OH) OH)
A. pyrophilus‘ [86] GalAf | Cl14:0 C16:0 (3- C14:0 (3- C14:0 (3- GalAf
[3-O OH) OH) OH)
(C18:0)]
A. lipoferrum© - C14:0 C16:0 [3-O C14:0 (3- C16:0 (3- GalAf
[100] (3-OH) (C18:1/C18: | OH) OH)
0)]
B. stolpii© |88] EtNPPE | C14:0 C14:0 [3-O C14:0/iso- C14:0/iso- Pe
[3-O (iso-C13:0)]  C15:0 (3- C15:0 (3-
(iso- OH) OH)
C13:0)]
Bartonella henselae P C12:0 C16:0 (3-O0 C12:0 (3- C16:0 (3- P
7192] (3-OH) (C28:0(27- OH) OH)
OH)
Bordetella Pe C10:0 C14:0 [3-O C16:0 C14:0 (3- Pe
parapertussis © (3-OH) (C14:0)] OH)
[101]
B. pertussis© [101] GalN-P | C14:0 C14:0 [3-O0 C10:0 (3- C14:0 (3- P-
(3-OH] (C14:0)] OH) OH) GalN"
B. cepacia complex = AradN-P | Cl14:0 C16:0 [3-O C14:0 (3- C16:0 (3- P-
©[102] [3-O (C14:0)] OH) OH) Ara4Nt
(14:0)]
B. abortus ¢ |87] Pe Cl16:0 C14:0 (3- C14:0 (3-O0 C12:0 (3- Pe
[3-O OH) (C18:0)] OH)
(C28:0
(27-
OH)]
Chlamydia Pe C14:0/C | C20:0[3-O C14:0/C15:0 | C20:0 (3- Pe
trachomatis ¢ [103] 16:0 (18:0-21:0)] OH)
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Coxiella burnetii©
[104]

Francisella victoria
©[105]
Fusobacterium
nucleatum © [106]

H. alvei© [107]

H. magadiensis ©
[108]

L. interrogans °
[109]

M. vaga“© [110]

Porphyromonas
gingivalis© [111]

Pseudolateromonas
nigrificans © [112]
Rhodospirillum
Sfulvu© [113]

Shewanella pacific ¢
[114]

Xanthomonas
campestris® [67]

4 2-amino-2-deoxy-D-glucopyranose (GlcpN)
® 3_amino-3-deoxy-D-glucosamine (GIcN3N)

Pe
Mani-P

Pe

Pe

Pe

Pe

Pe

Heptose

Pe

EtNPP#

C16:0/C
15:0

Cl14:0/C
16:0 [3-
(0]
(C14:0)]
Cl14:0
[3-
0O(C14:0
)]
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The phosphate groups on the glucosamine backbone can be substituted by polar
groups, such as ethanolamine (EtN), phospho-ethanolamine (PEtN), and 4-amino-4-deoxy-
L-arabinose (Ara4N), which are often present in non-stoichiometric quantities. Other
charged and non-charged substituents are listed in Table 1-1 [45]. It can also be replaced
with another acid, or one of the phosphate groups may be absent. Kdo I residues of the
inner core are typically linked at the 6' position of GlcpN II [45].

Lipid A structures in some bacteria, such as Bordetella and Mesorhizobium huakuii,
include differences in acyl chain lengths and types. For example, Bordetella has the same
amide-linked, two (C14:0(3-OH)) fatty acids, while the ester-linked C10:0 (3-OH) and
C14:0(3-OH) fatty acids differ (Figure 1-7 A) [101]. M. huakuii contains a mixture of
shorter and longer chains, including iso-C12:0(3-OH), C14:0(3-OH), and C20:0(3-OH)

(Figure 1-7 B) [90].
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Figure 1-7. Structures of lipid A of (A) Bordetella bronchiseptica 4650 and (B) M. huakuii IFO
15243. This figure was generated using ChemDraw Prime.
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In some cases, lipid A is chemically modified, as seen in Rhizobiaceae (Figure 1-
8 A and A') and Agrobacterium elkanii (Figure 1-8 B), where the secondary C28:0 (27-

OH) fatty acid is partially O-acylated with 3-hydroxy-butanoic acid [90, 91, 98, 115, 116].
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Figure 1-8. Structures of lipid A of (A, A") Rhizobium etli CE3 and (B) B. elkanii. This
figure was generated using ChemDraw Prime.
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Regarding biological activity, bis-phosphorylated, hexa-acylated lipid A with an
asymmetric acyl group distribution (4 + 2) is the most potent activator for LPS-responsive
human cells [45, 50, 51, 117]. Hexa-acylated, mono-phosphorylated lipid A from
Salmonella shows moderate activity and acts as an adjuvant [118-120]. In contrast, the
tetra-acyl precursor lipid IVA from E. coli is a classical antagonist of the human immune
system [45]. The presence of Ara4N shields the negative charges of lipid A, providing
resistance to antimicrobial peptides [45, 121]. Additionally, the length of the fatty acid
chains influences lipid A’s biological activity, with extended chain lengths being associated

with lower endotoxic activity [45, 93].

1.2.1.1.3.1. Biosynthesis of Lipid A

The biosynthesis of lipid A has been extensively studied using Escherichia coli and
Salmonella typhimurium as model organisms [45, 122]. As defined by Raetz and Whitfield
[50], this pathway consists of nine constitutive enzymatic steps that occur in multiple
cellular regions (Figure 1-9) [123-125].

The initial stages of lipid A biosynthesis take place in the cytoplasm. The first
enzyme in this pathway is LpxA, a cytoplasmic acyltransferase that selectively transfers p-
(C14:0(3-OH)) from acyl carrier protein (ACP) to the 3-OH position of the precursor
molecule uridine di-phosphate-N-acetyl-glucosamine (UDP-GIcNAc), forming an ester
linkage. LpxA is described as having a "hydrocarbon ruler," enabling the selection of long
or short B-hydroxy-acyl chains across various bacterial species [45, 50, 84, 122, 124-127].

This selective mechanism is essential for maintaining the proper structure and function of
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lipid A, and it explains variations in lipid A acylation observed across different organisms
[45, 124, 126]. For example, the active site of E. coli LpxA shows a preference for -
(C14:0(3-OH))-ACP, while the Pseudomonas aeruginosa LpxA prefers p-(C10:0(3-OH))-
ACP [45, 124, 126, 128].

Following LpxA-mediated acylation, the Zn?'-dependent deacetylase LpxC
produces UDP-3-acyl-glucosamine (UDP-3-O-acyl-GlcN) by deacetylating UDP-3-O-
acyl-GIcNAc at the N-2 position. Then, the acyltransferase LpxD transfers a second acyl
chain to form UDP-2,3-di-acylglucosamine (UDP-2,3-di-acyl-GlcN) [45, 126, 128, 129].

The subsequent steps in lipid A synthesis take place on the cytoplasmic face of the
IM, where the lipid A backbone is assembled and modified. The pyrophosphate hydrolase
LpxH cleaves UDP-2,3-di-acyl-GlcN to form uridine monophosphate (UMP), and a key
intermediate, 2,3-di-acyl-GIlcN-1-phosphate, which is known as lipid X. Then, LpxB
condenses lipid X with another molecule of UDP-2,3-di-acyl-GIcN, forming the B-1,6
linkage characteristic of lipid A. The membrane-bound 4' kinase LpxK then phosphorylates
the disaccharide I1-phosphate, producing lipid IVa, which also functions as
pharmacological endotoxin antagonists in human cells [45, 126, 129].

Next, two Kdo sugars are incorporated at the O-6 position of the lipid I[Va by a Kdo
transferase kdtA to produce Kdo»-lipid IV [130, 131]. The final hexa-acylated lipid A
species is produced by the sequential of two acyltransferases, LpxL. and LpxM, which
catalyze the addition of secondary acyl chains to the distal GIcN in a specific order due to

strict substrate preference [45, 132, 133]. LpxL first transfers a (C12:0) group to the 2'-
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position of Kdo»-lipid IV, followed by the addition of a (C14:0) group by LpxM at the 3'-
position, forming Kdo»-lipid A [45, 132, 133].

After synthesis, Kdo,-lipid A is conjugated to the core OS. Subsequently, MsbA,
an ATP-binding cassette transporter, flips Kdoz-lipid A from the cytoplasmic leaflet to the
periplasmic (outer) leaflet of the IM, where the O-antigen is attached to the core OS linked
to lipid A [45, 65, 125, 134]. Finally, The LPS transport system transfers LPS from the IM

to the OM in Gram-negative bacteria [45, 123].
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Figure 1-9. The Raetz Pathway for Kdo2-Lipid Biosynthesis in E. coli and Salmonella
typhimurium, Highlighting Enzymes in red and Reactions Involved. UDP (shown in blue) is a key
component in lipid A biosynthesis. This figure was generated using ChemDraw Prime.

Diverse modifications of the lipid A moiety may occur during its synthesis or transit

from the IM to the OM. These modifications may be regulated by environmental factors

such as temperature, enzyme activity, genetic regulation, mutations in the synthetic
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enzymes, and bacterial stress responses, which significantly impact bacterial virulence [45,
123, 128, 135, 136]. The diversity of lipid A structures in Gram-negative bacteria is vast,
with modifications and variations continuing to be discovered [137]. These modifications
are not only crucial for bacterial survival and virulence but also offer new avenues for
therapeutic applications, particularly in vaccine development as vaccine adjuvants [137].
Novel lipid A structures will undoubtedly be identified and reported in the future, offering

valuable models for structural variation and modification [137].

1.2.1.1.3.2. The Vital Role of LPS and Lipid A in Bacterial Research

The study of LPS, particularly their lipid A component, is vital because it is
essential due to their roles in bacterial pathogenicity and immune system interaction, which
have significant implications for vaccine development and therapeutic strategies [120, 137,
138]. Lipid A is essential for bacterial viability and is responsible for the endotoxic
properties of the LPS [45, 50, 117, 139, 140]. It is the primary agent responsible for the
toxic effects observed in conditions like Toxic Shock Syndrome and sepsis [45, 85, 119].

Lipid A also acts as a potent stimulator of the innate immune system via
recognition by the toll-like receptor TLR4 [45, 85, 119]. Some studies focused on
modifying the structure of lipid A in various Gram-negative bacteria species, such as E.
coli and Salmonella, to reduce its toxicity while maintaining its immunostimulatory
properties by altering acylation patterns and creating synthetic analogs [141, 142]. As a

result, lipid A has become a key target for developing synthetic analogs such as mono-
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phosphoryl lipid A (MPLA), which retains immune-stimulating properties with reduced
toxicity and are widely used as adjuvants in vaccines [142].

By understanding the structural diversity of lipid A across different bacterial
species, researchers can better counteract bacterial immune evasion and develop tailored
vaccines and therapies that enhance immune recognition without triggering harmful
inflammation [143, 144].

The development of vaccines faces significant challenges due to various factors,
such as strain variability within species, which complicates the targeting of specific
bacterial strains. This is further complicated by structural variability within lipid A, as these
molecules differ significantly across bacterial species and even within strains [58, 145,
146]. Therefore, discovering new lipid A structures is critical for advancing strategies to
combat bacterial infections, particularly those caused by Gram-negative pathogens.
Understanding these variations will help design more effective vaccines targeting a broader

range of bacterial strains while overcoming immune evasion mechanisms [58, 145, 146].

1.2.2. Gram-Negative Bacteria: Aeromonadaceae and Vibrionaceae Family

The Aeromonadaceae family comprises Gram-negative bacteria predominantly
found in aquatic environments, including freshwater and marine ecosystems, as well as
soil. The genus Aeromonas within this family is significant due to its pathogenic species
that affect both humans and animals [147-150]. These bacteria exhibit remarkable
versatility, thriving under various conditions, including extreme salinity, low temperatures,

and even the presence of disinfectants. As facultative anaerobes, they can survive in both
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oxygen-rich and oxygen-poor environments, contributing to their broad distribution [151,
152]. Pathogenic Aeromonas species are linked to diseases in fish, amphibians, reptiles,
and humans, utilizing toxins, hemolysins, and enzymes to invade host tissues [149].

One notable species, Aeromonas hydrophila, is a pathogen recognized for causing
hemorrhagic septicemia in fish, which results in high mortality rates and significant
economic losses in aquaculture [153-155]. Its virulence stems from various factors,
including enterotoxins, cytotoxins, and tissue-invasive enzymes such as proteases and
lipases. 4. hydrophila is adept at forming biofilms and protective layers, enhancing its
resistance to environmental stressors, including disinfectants, making it a persistent threat
in aquatic environments [156, 157]. However, the lipid A structure of Aeromonas
hydrophila has not been extensively studied, leaving gaps in understanding its specific role
in virulence and immune evasion.

Similarly, the Vibrionaceae family encompasses Gram-negative bacteria that thrive
in diverse marine habitats, ranging from coastal to deep-sea environments [158].

Members of this family play essential roles in nutrient cycling by contributing to
the decomposition of organic matter and nutrient recycling within marine ecosystems
[158-160]. These bacteria can exist as free-swimming plankton or form symbiotic or
pathogenic relationships with marine organisms [160]. One key pathogen from this family
is Vibrio anguillarum, known for causing vibriosis in fish, which has severe economic
impacts on aquaculture [161, 162]. Despite its clinical importance, the lipid A structure of
Vibrio anguillarum has not been fully explored, presenting an opportunity for future

research to elucidate its role in pathogenesis and immune interactions.
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Then, I will describe the background and advantages of the tandem mass

spectrometry used in this work.

1.3. Mass spectrometry

Mass spectrometry (MS) is a powerful analytical technique used to identify and
quantify molecules based on their mass-to-charge ratio (m/z). It plays a crucial role in
structural and biochemical research, providing detailed insights into the composition and
function of biological molecules [163]. It plays an essential role in analytical chemistry due
to its sensitivity, selectivity, structural information, low sample consumption, and

relatively fast analysis [164-168].

The technique determines the masses of molecules by placing an electrical charge
on the molecule, resulting in separated ions based on their m/z. This technique can be used
for the qualitative structural determination of analytes and their quantitation [169]. There
are numerous types of MSs, varying by the types of ionization source and the mass analyzer
configuration [170-173]. The MS is typically composed of three main components: an

ionization source, a mass analyzer, and a detector (Figure 1-10).
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Figure 1-10. Diagrammatic overview of a mass spectrometer. The MS typically consists of an
ionization source, an analyzer such as an Orbitrap, and a detector. This figure was created by
BioRender.

Liquid chromatography (LC), gas chromatography (GC), and high-performance
liquid chromatography (HPLC) are essential techniques in analytical chemistry, often
coupled with MS for the detailed analysis of complex mixtures [174]. These techniques
allow for the separation of complex mixtures into their individual components, enabling
the identification and quantification of each component in a single analytical run [174].
Field asymmetric ion mobility spectrometry (FAIMS), another valuable technique,
separates gas-phase ions based on their mobility in alternating strong and weak electric
fields. FAIMS is especially useful in MS for the analysis of complex samples, such as

lipopolysaccharides (LPS) [175].
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1.3.1. Ionization sources

Ionization sources in mass spectrometry are crucial for generating charged particles
from analytes, enabling their detection and analysis [176-178]. Ionization sources are
classified as hard and soft ionization sources based on the quantity of internal energy
transferred to the molecule during the ionization process [179]. Hard ionization methods
typically impart high energy, leading to extensive fragmentation, while soft ionization
methods transfer less energy, preserving the molecular structure and resulting in minimal
fragmentation [179].

Soft ionization methods are the most widely used, especially for the analysis of
biomolecules, as they allow for the analysis of a wide range of molecules, from small
metabolites to large biomolecules like proteins and nucleic acids [180-183].

The following sections provide an overview of the distinctive features of two
common soft ionization sources: Electrospray lonization (ESI) and Matrix-Assisted Laser

Desorption lonization (MALDI).

1.3.1.1. Electrospray Ionization (ESI)

ESI is widely used for its ability to ionize large biomolecules, making it ideal for
proteomics and other biological studies [184]. ESI operates by introducing a dilute solution
containing the analyte of interest, dissolved in a suitable polar solvent, through a capillary
tube at a slow flow rate (0.1-10 pL/min) [180]. A high voltage (2-5 kV) is applied to the
capillary, with the polarity (positive or negative) based on the type of analyte, which in

turn controls whether cations or anions accumulate at the emitter tip, thus producing
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protonated ([M + HJ") or deprotonated ([M - H]") ions, depending on the analyte's structure
[185, 186].

This applied voltage creates a strong electric field gradient, causing charge
separation at the surface of the liquid [180, 187]. Consequently, the liquid extends outward
from the capillary tip, forming a cone shape known as the Taylor cone. This cone results
from the balance between Coulombic repulsion forces among the surface charges and the
surface tension of the liquid (Figure 1-11) [180, 187].

The resulting droplets undergo rapid solvent evaporation, shrinking in size and
increasing charge density [186]. When these charged droplets reach the Rayleigh limit,
Coulombic repulsion forces exceed surface tension. A Coulomb explosion then breaks each
droplet into multiple smaller, highly charged droplets. This process continues, producing
tiny droplets with high charge density [185, 188, 189]. A stream of hot nitrogen gas aids in
evaporating the solvent and accelerates droplet drying and desolvation. This process leaves
behind dry, charged ions, which are directed into the mass analyzer for detection [163].
The key advantage of ESI is its compatibility with HPLC and other LC systems, enhancing

its application for complex sample analysis [190-192].
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Figure 1-11. Schematic representation of charged droplet production during the ES (Negative ion
mode) ionization. This figure was created by BioRender.

1.3.1.2. Matrix-Assisted Laser Desorption lonization (MALDI)

MALDI is a soft ionization technique widely used in mass spectrometry to analyze
large biomolecules like proteins, peptides, and polymers, which are otherwise difficult to
ionize [174].

In MALDI, the sample is mixed with a matrix, a small organic molecule that
absorbs laser light. Various types of matrices are used depending on the specific class of
biomolecules being analyzed, ensuring optimal ionization efficiency [193-196]. The
process begins by mixing the matrix solution with the analyte and then spotting this mixture
onto a MALDI plate. The dried droplet method is the most common technique, leaving the
mixture spot in the room, which evaporates the solvent and enables the analyte to co-
crystallize with the matrix [193].

When a laser pulse strikes the dried spot on the MALDI plate, the matrix absorbs
the laser energy (hv), causing its molecules to enter an excited state. These excited matrix
molecules then transfer part of their energy to the analyte [188]. This interaction leads to

the desorption and ionization of both matrix and analyte. The ionization of analytes occurs

31



through a proton transfer reaction triggered by the collision between matrix and analyte
molecules in gas-phase clusters. This method generates intact, gas-phase ions of large, non-
volatile, and thermally sensitive compounds, making MALDI essential in fields like

proteomics, genomics, and polymer science (Figure 1-12) [123, 174, 188].
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Figure 1-12. Schematic representation of the principle of MALDI. This figure was created by
BioRender.
1.3.2. Mass Analyzers

Once gas-phase ions are produced, they must be separated according to their m/z to
determine their masses accurately. Unlike measuring mass alone, the mass analyzer
measures the m/z ratio, which is particularly important for multiplying charged ions, as
their apparent m/z values are fractional parts of their actual masses [174].

Several types of mass analyzers have been developed to separate ions based on their
m/z ratio through various methods [174]. The upcoming section covers the common types
of mass analyzers specifically used for biomolecule analysis presented in this PhD thesis

research work [174].
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1.3.2.1. Time-of-Flight (TOF)

The TOF mass analyzer is a high-speed, versatile tool applied across various
scientific disciplines, including proteomics, genomics, and materials science, due to its
capability to analyze a broad range of ion masses without relying on magnetic fields [197-
199].

In the TOF analyzer, ions are generated from an ion source and introduced into the
TOF analyzer as short packets. These ions are then accelerated in an acceleration region by
an electric field, imparting them with uniform kinetic energy, which is crucial for accurate
time-of-flight measurements [186]. After acceleration, the ions enter a field-free drift space
where they can travel unimpeded. In this region, ions begin to separate based on their m/z
ratios. The lighter ions travel faster and reach the detector sooner, while the heavier ions
take longer ( (Figure 1-13) [186].

Another advanced configuration of the TOF analyzer contains a reflectron-TOF
addition. This includes a reflection, which is a series of electrodes that creates a retarding
electric field, reversing the direction of ions toward the detector [197]. This adjustment
extends the ions’ flight path and corrects for slight kinetic energy differences among ions
of the same m/z ratio, resulting in significantly improved resolution without requiring a
larger instrument. This feature makes reflectron-TOF particularly valuable for high-
precision applications, enhancing the mass accuracy and resolution of the data collected.
Once the ions reach the detector, their arrival times are recorded and processed into a

detailed mass spectrum, providing insightful details into the sample’s composition.
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However, TOF analyzers can encounter limitations in the ultra-high mass range, where

resolution and mass accuracy may decrease [200, 201].
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Figure 1-13. Schematic representation of the reflectron-TOF showing the fight of ions to reach the
detector. This figure was created by BioRender.
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1.3.2.2. Orbitrap Mass Analyzer

The Orbitrap is a highly advanced instrument developed to meet the demands of
analyzing complex mixtures in mass spectrometry, offering high resolving power and mass
accuracy capabilities [202, 203]. The Orbitrap consists of a spindle-like central electrode,
and the outer electrode has the shape of cups facing each other with a hair-thin dielectric
gap in between (Figure 1-14) [202]. When voltage is applied between the outer and central
electrodes, the resulting electric field is strictly linear along the axis, enabling purely
harmonic oscillations. Simultaneously, the radial electric field confines ions in stable,
nearly circular trajectories around the central electrode by balancing their tangential
velocity with an opposing centrifugal force [202]. The axial electric field, shaped by the
conical geometry of the electrodes, pushes ions toward the widest part of the trap, initiating

harmonic axial oscillations [202].

34



The outer electrodes have dual roles: they confine ions axially by creating a
trapping field and serve as receiver plates for detecting the image current produced by
oscillating ions. This image current is converted into a time-domain signal, which is then
transformed into the frequency domain using the Fourier transform (FFT) equation and
ultimately into a mass spectrum [202-205]. Ion frequencies are measured non-destructively
by detecting time-domain image current transients. Each frequency corresponds to a
specific m/z ratio, as the frequency of ion oscillation is inversely proportional to the square

root of its m/z value [202, 204].
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Figure 1-14. Schematic representation of an orbitrap mass analyzer. This figure was created by
BioRender.

An additional C-trap is positioned before the Orbitrap to improve ions preparation
for the analysis [173]. This trap stores and cools the ions before sending them to the

Orbitrap. As a result, the practical m/z range of ions that can be injected simultaneously
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into the Orbitrap is increased, enhancing performance, resolution, and sensitivity in the

mass spectrometric analysis [173].

1.3.2.3. Quadrupole Mass Analyzer (QMA)

QMF has been one of the most commonly used mass analyzers over the past few
decades [206, 207]. However, the QMF also has significant limitations that restrict its
utility in more demanding analytical applications. Specifically, QMFs typically offer a low
resolution, often below 3000 Da, which can hinder their ability to distinguish between
closely related m/z ratios [208]. QMF is composed of four parallel metal rods (Figure 1-
15 A). DC and radiofrequency (RF) potentials are applied to the four rods to create two
positively charged rods (on the x-direction) and two negatively charged rods (on the y-

direction) (Figure 1-15 B) [209, 210].
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Figure 1-15. A) Schematic representation of a QMA showing the trajectory of ions to reach the
detector. B) The x- and y-axes are indicated, with the z-axis being perpendicular to the plane of
the paper. One pair of rods has a potential of + (U + Vcoswt) applied to it, and the other pair has —
(U + V cos ot) applied. U is a fixed potential, and Vcoswmt represents a radio frequency (RF) field
of amplitude (V) and frequency (o). This figure was created by BioRender.

As an ion enters the quadrupole assembly along the z-axis, it experiences an
attractive force from one of the rods, which has a charge opposite to that of the ion. If the
voltage applied to the rods is periodic, the forces of attraction and repulsion will alternate
in both the x- and y-directions over time since the electric force's polarity changes
periodically. The applied voltage is a combination of a DC voltage (U) and an RF voltage
(V) with a frequency (). The total potential applied to the rods, @, is expressed as @, =
+(U + Vcos ot), where ®o represents the voltage applied to the rods, U is the DC voltage,
V is the RF voltage amplitude, and o is the frequency [163].

Only ions with a stable trajectory, which are controlled by the specific combination
of DC and RF potentials, will successfully traverse the quadrupole, while others will collide

with the rods and be neutralized [210].
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1.3.2.4. Linear ion trap (LIT)

A two-dimensional (2D) ion trap, commonly known as a LIT, is a mass analyzer
that is increasingly being utilized in various areas of MS due to its superior performance
characteristics [211, 212]. LIT is composed of two pairs of hyperbolic rods, each divided
into three axial sections. The central section is approximately three times the length of the
two end sections, and a small slit is cut along one of the rods in the central section to enable

ion ejection for external detection (Figure 1-16) [188].
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Figure 1-16. Schematic representation of a linear ion trap mass analyzer showing the trajectory of
ions to reach the detector. This figure was created by Procreate and BioRender.

In each section, the opposite rods are connected electrically. In the axial direction
(YZ-plane), ions are trapped by applying separate DC voltages to each of the three sections
of the trap. For radial trapping (in the XY-plane, the main RF voltage is applied between
the x- and y-electrode pairs. Additionally, a two-phase supplemental alternating current

(AC) voltage is applied to the x-electrodes (exit rods) to facilitate ion activation, isolation,
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and controlled ejection, enhancing the functionality and flexibility of the LIT for various
mass spectrometry applications [188].

The LIT uses a mass-selective instability mode, where the RF voltage gradually
increases. As the voltage rises, ions of specific m/z ratios become unstable and are ejected
radially through exit slots. Additionally, a supplemental AC voltage can be applied to
match the ions' natural oscillation frequency, enhancing their radial movement and
enabling selective ejection [188]. One of the main advantages of a linear ion trap (LIT) is
its flexibility in operation. The trapping function can be switched on and off, allowing the
LIT to act either as a trap for qualitative studies, including MS* (e.g., MS?) experiments or
as a transmission-only quadrupole. This dual functionality enables the instrument to
perform as a QqQ (triple quadrupole) mass spectrometer when needed, thus enhancing both

structural elucidation and quantitative performance within a single platform [213].

1.3.3. Tandem Mass Spectrometry

Tandem mass spectrometry (MS?, or MS/MS) is a powerful technique for obtaining
structural information about molecules by using at least two stages of mass analysis (n=2)
[185, 214]. The core principle of MS/MS involves isolating a precursor ion in the first mass
analyzer, followed by fragmentation through collision with an inert gas. A second mass
analyzer then analyzes the resulting product ions (Figure 1-17) [185, 214]. Fragmentation
may occur naturally or can be induced through activation techniques such as collision-
induced dissociation (CID), where ions collide with neutral gas molecules to produce

specific product ions and neutral fragments, which are subsequently analyzed [185, 214].
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MS/MS can be conceived in two ways: tandem in space or tandem in time [174, 214]

(Figure 1-18).
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Figure 1-17. Schematic representation of the principle of MS". A precursor ion is isolated by the
first mass analyzer, fragmented by collision with an inert gas, and the resulting product ions are
analyzed by the second mass spectrometer. This figure was created by BioRender.
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Figure 1-18. Schematic representation of comparing a simple MS" product ion scan performed by
either a space- or a time-based instrument. This figure was created by BioRender.

Common MS/MS in space configurations involves at least two mass analyzers and
a collision cell where the selected precursor ion experiences CID, a collision with a neutral

gas, which results in the fragmentation of the precursor ion to its characteristic product
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ions, for example, combine a TOF with other types of analyzers like quadrupoles, TOF,
orbitrap or linear ion traps [174, 215]. An instance of this approach is Orbitrap Fusion™
Lumos™ Tribrid™ Mass Spectrometer (Thermo Scientific, Waltham, MA, USA), which
integrates a quadrupole mass filter, a linear ion trap, and an Orbitrap mass analyzer. This

instrument was selected for use in our study due to its high sensitivity (Figure 1-19) [216].

Dual-Pressure
Ultra-High Field Orbitrap _ O\
Mass Analyzer Linear lon Trap _-, &

\'/// ’%\ Low Pressure

Advanced =
Advanced Quadrupole g
Active Beam Technology - 7 High Pressure
Guide 4 Cell
Sl gl A
e ——— Eﬁ\' lon Routing
ﬁ Ill [ -\ Multipole
% C-Trap

lon Source —— s
*—— Electrodynamic
lon Funnel

High Capacity
% Transfer Tube

Figure 1-19. Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer. The tribrid architecture
includes a quadrupole mass filter, linear ion trap and an Orbitrap mass analyzer. This Figure was
reproduced with permission from Thermo Fisher Scientific [216].

In the case of MS/MS in time, all events that occur in MS/MS in space, such as
isolation, fragmentation, and detection, happen in the same place (mass analyzer) but
sequentially in time, such as orbitrap [163, 174, 215] (Figure 1-18). Hybrid mass
spectrometers use different types of analyzers for the first and second stages of mass
analysis in tandem mass spectrometry (MS/MS) experiments. These additional analyzers

could consist of TOF, quadrupole, quadrupole ion trap, and linear ion trap [163, 174, 215].
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1.3.4. Mass Spectrometry Analysis of Biomolecules

The determination of molecular weight has long been one of the primary
measurements used to characterize biopolymers. Until the late 1970s, the only available
techniques for obtaining this information were chromatographic or ultracentrifugation
methods [174]. However, these methods often produced results with significant variability
(10-100% relative error on average) as they were influenced by factors other than
molecular weight, such as conformation and hydrophobicity. Consequently, the only
reliable way to determine the exact molecular weight of a macromolecule was through
calculation based on its chemical structure [174]. At the beginning of the 1990s, two new
ionization methods, ESI and MALDI, coupled with TOF analyzers, were developed to
avoid such limitations. These advancements catalyzed subsequent developments that have
progressively expanded the capabilities and applications of MS in biological research to
the present day [174].

Today, MS has become one of the most widely used analytical techniques in the
life sciences. It is extensively applied in the analysis of various classes of biomolecules,
such as peptides, proteins, nucleic acids, oligosaccharides, and lipids, contributing
significantly to various omics fields, including proteomics, genomics, metabolomics, and

lipidomics [174, 215, 217-220].
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1.3.4.1. Mass Spectrometry Analysis of Proteins
1.3.4.1.1. Classical Approach in MS-Based Proteomics

The classical MS-proteomic has been used extensively in fisheries research over
the last decades [221, 222]. This approach provides rapid, sensitive, and qualitative or
quantitative protein characterization combined with separation techniques such as gel
electrophoresis (DGE) and LC [223-225]. The process begins with protein extraction from
specific fish tissues, followed by separation using one- or two-dimensional gel
electrophoresis (1- or 2-DGE). Proteins of interest are then excised, digested by enzymes
like trypsin, and analyzed by MS, creating a peptide mass fingerprint valuable for protein
identification [226-228]. Additionally, peptides can undergo MS/MS for further
identification and sequencing, enabling assumption-free peptide determination, with peak
intensities reflecting relative abundance (Figure 1-20) [228, 229].

A widely used 1- or 2-DGE method is sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) [223]. In 2-D-SDS-PAGE, proteins are separated
horizontally by isoelectric point (pI) and vertically by molecular mass [223]. In contrast,
1-D-SDS-PAGE separates proteins solely by molecular weight [230]. Protein spots are
visualized and analyzed using software such as Progenesis SameSpots or PDQuest,
allowing for comparative analysis across samples to identify protein upregulation or
downregulation [223]. However, this approach can be time-consuming and challenging,

particularly for complex samples [231].
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Figure 1-20. Schematic representation of the classical MS-proteomic approach. This figure was
created by BioRender.

1.3.4.1.2. Recent Advances in MS-Based Proteomic Strategies

Various efficient and effective MS-based proteomics strategies have been
developed to address biological and analytical challenges [223, 232-234]. Protein
identification via MS is usually performed either through top-down proteomics or by
bottom-up proteomics, as shown in (Figure 1-21) [223, 232-234].

In top-down proteomics, proteins are analyzed directly without enzymatic
digestion. Proteins are typically separated by LC, followed by identification (amino acid
sequencing) through fragmentation in an MS/MS experiment (Figure 1-21) [232, 235,
236].

Bottom-up proteomics employs either gel-based or gel-free strategies [237]. The
gel-based approach is similar to the classical method [237]. This technique is particularly
suitable for species with unknown protein sequences and is effective in identifying

biological markers within proteomes [237, 238]. The resulting peptides can then be
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identified using LC-MS/MS and MALDI-TOF-MS/MS techniques (Figure 1-21) [234-
236].

Alternatively, the gel-free approach, known as shotgun proteomics or multi-
dimensional protein identification, is a highly sensitive bottom-up method for analyzing
complex protein mixtures [239]. In this approach, extracted proteins are digested directly
without a separation step, and peptides are separated by LC-MS. Peptide mixtures are
separated by charge via strong cation exchange chromatography (SCX) and/or by
hydrophobicity via reverse-phase chromatography before MS analysis, followed by

MS/MS for further identification [234, 235, 240-242].
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Figure 1-21. A schematic representation of comparing the top-down and bottom-up approaches
used in proteomic studies. This figure was created by BioRender.

Following MS-proteomics experiments, peptide sequence identification is achieved

by comparing experimentally obtained MS/MS spectra with available database
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fragmentation spectra (Figure 1-22). The fragmentation spectra for each specific peptide
sequence are unique and distinguish between isomass peptides with a different amino acid
sequence. Peptide mass fingerprinting is thus advantageous for accurately identifying

unknown protein sequences [231, 232, 243, 244].
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Figure 1-22. A peptide mass fingerprinting: In the MALDI-TOF-MS, one peak corresponds to one
peptide, and many peaks correspond to many peptides, either from one protein or more proteins.
Database searches of the MALDI-MS spectra usually identify that single protein or those proteins
through a process named peptide mass fingerprinting. This figure was reproduced with permission
from [231].

Beyond qualitative analysis, MS-based proteomics also enables protein
quantification. Changes in specific protein quantity and/or MS-peak intensity under certain
conditions can aid in biomarker identification [231, 232, 243, 244]. A widely used

quantification technique is the label-free quantitation method, which is fast, cost-effective,

and implemented through spectral counting. In spectral counting, proteins are quantified
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based on the total number of MS/MS spectra that link peptides to a specific protein, with

abundance directly proportional to the matched peptides [231, 245, 246].

If the protein is not available in the database, de novo sequencing of peptides is
required [247], which can be done with software like PEAKS and DeNovoX [248]. This
approach has proven successful in de novo sequencing of fish allergens such as

parvalbumins and shrimp arginine kinases [249, 250].

1.3.4.1.3. Applications of Proteomics in Fish Research

Fish seminal plasma provides an optimal environment for spermatozoa storage
before spawning, with proteins playing a crucial role in sperm protection and functionality
[223, 251-254]. Comprehensive proteomic analysis of seminal plasma proteins in species
like carp (Cyprinus carpio) and rainbow trout has been instrumental in understanding the
complexity of fish seminal proteins [255]. Advanced shotgun proteomics using 1D-SDS-
PAGE and HPLC-ESI-MS/MS has significantly propelled this field, enabling the
identification of a diverse array of seminal plasma proteins in rainbow trout and carp [256,
257]. This approach has cataloged 206 proteins in rainbow trout sperm and 348 in carp
sperm, shedding light on species-specific differences and the potential role of these proteins
in reproductive success [251, 258, 259].

Ovarian fluid (OF), the biological fluid surrounding eggs within the ovary of female
fish, plays a vital role in maintaining oocyte health and readiness for fertilization [260].
Proteomic analysis of OF in rainbow trout produced the first comprehensive identification

of 54 proteins, many of which were previously unreported, through 1-D-SDS-PAGE and

48



HPLC-ESI-MS/MSJ[261]. These protein identifications may facilitate biomarker discovery
for assessing oocyte quality, potentially impacting fish breeding and conservation
strategies [261].

Proteomics has also enhanced our understanding of disease processes in fish. For
instance, in a study on adult zebrafish infected with spring viremia of carp virus (SVCV),
LC-MS/MS analysis identified novel biomarkers and provided a detailed plasma protein
profile in infected fish [262]. In total, 3062 proteins were identified in control fish, with
137, 63, and 31 proteins significantly abundant at 1, 2, and 5 days post-infection,
respectively, highlighting immune response over time after infection [262].

Additionally, proteomics has proven to be a robust tool for environmental
monitoring, offering insights into the effects of contaminants on marine life through the
identification of critical protein biomarkers [263]. For example, in Atlantic cod, LC-
MS/MS proteomics was employed to investigate the impact of polycyclic aromatic
hydrocarbons (PAHs) on the plasma proteome [264]. PAHs are toxic, hydrophobic
compounds associated with carcinogenic and immunotoxic effects in aquatic organisms
[265]. This study identified 369 proteins, with 12 showing significant changes, such as
upregulated immunoglobulin components and downregulated antifreeze proteins,
suggesting an immune response to PAH exposure. Apolipoproteins were notably
prominent among identified proteins, indicating their role as potential biomarkers for PAH
exposure [264].

Finally, proteomic responses to environmental temperature changes have also been

studied [266]. A label-free quantitative LC-MS/MS analysis using the UniProt Atlantic

49



salmon (Salmo salar) database identified and quantified cardiac proteins in salmon exposed
to water temperatures 4 °C warmer than usual [266]. The analysis revealed differential
abundance in 79 proteins between control (0 °C) and elevated (+4 °C) temperature
treatments, showing increased levels of proteins involved in oxidative metabolism and a
corresponding expansion of compact myocardium. These findings underscore the potential

for proteomics to reveal adaptive responses to climate change in aquatic species [266].

1.3.4.2. Mass Spectrometry Applications in Lipid A Analysis

MS-structural studies of lipid A are critical for understanding its biological
function, particularly its role in immunological responses [267-270]. Due to lipid A's pro-
inflammatory properties [137], structural analysis aids in developing synthetic analogs,
some of which serve as antagonists to E. coli lipid A [271, 272]. These structural insights
lay the groundwork for designing lipid A analogs to either mimic or inhibit its effects [271,

272].

1.3.4.2.1. Analysis of Lipid A Structures from Aeromonas liquefaciens SJ-19a

The Gram-negative bacterium Aeromonas liquefaciens SJ-19a is associated with
hemorrhagic septicemia in cultured fish. Its complex lipid A structures, especially when
exposed to phages, reveal significant structural insights [270]. Lipid A molecules were
isolated via the aqueous phenol method, purified by chromatography, and analyzed using
ESI-MS. A triple-quadrupole (QqQ) analyzer confirmed asymmetric fatty acid attachment

to the lipid A disaccharide backbone (Figure 1-23 and Table 1-2) [270].
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Figure 1-23. Schematic representation of lipid A Structures Extracted from A. liquefaciens SJ-19a.
This figure was generated using ChemDraw Prime.

Table 1-2. Assignments of the deprotonated mono-phosphorylated molecules observed in negative
mode ESI-QqQ-MS of the native mixture of lipid Ai.s extracted from the LPS of Aderomonas
liquefaciens SJ-19a.

Deprotonated molecules Empirical formula m/z Observed; o ppm
Calculated
[Mi-HJ Co4H176N2022P 1716.30; 1716.24 -10
[Mz-HJ Co2H172N2021P 1688.19; 1688.21 -11.8
[Ms3-HJ CgoH150N2021P 1506.10; 1506.05 33.1
[Mas-HJ Ce6 Hi24N2019P 1279.83; 1279.85 -15.6
[Ms-HJ Cs4Hi102N201sP 1097.63; 1097.68 -45.5

The identified lipid A variants, labelled lipid A; to As, along with their product
anions, were identified through ESI-CID-MS/MS analysis (Figure 1-19) [270]. The CID-
MS/MS spectrum of Lipid A; [M-H] anion at m/z 1716.30 produced several productions,

including m/z 1516.02, 1488.08, 1226.92, 1053.82, 1017.12, and 692.39, as illustrated in
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(Scheme 1-1). The most abundant anion, m/z 1516.02, represented the loss of (C12:0) acid,
indicating its attachment at the N-2' position. Likewise, the anion at m/z 1488.08
corresponds to the removal of (C14:0) acid from O-3'. The anion at m/z 1226.92 suggests
consecutive losses of the branched (C14:0(3-O-C14:0)) fatty acid and two water molecules.
The anion at m/z 1053.62 resulted from the loss of (C14:0(3-O-C14:0)) ketene and
(C14:0(3-OH)) ketene from the O-3" and O-3 positions, respectively. The ion at m/z
1017.12 was a secondary ion formed by eliminating two water molecules from the m/z
1053.62 ion. The m/z 692.39 anion, formed by glycosidic cleavage of the B-D-GlcpN-
(1—-6)-0-D-GlepN disaccharide backbone following the loss of (C14:0) and (C12:0) acids

from the O-3 and N-2 positions (Scheme 1-1) [270].
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Scheme 1-1. Proposed fragmentation pathways obtained by CID-QqQ-MS/MS of the deprotonated
Lipad A molecules at m/z 1716.30. This figure was generated using ChemDraw Prime.

1.3.4.2.2. Analysis of Lipid A Structures from Aeromonas salmonicida

Aeromonas salmonicida, which is one of the most important primary pathogens in
salmonids, is responsible for significant economic losses [273]. Using ESI-QqToF-
MS/MS, the lipid A structure of Aeromonas salmonicida using ESI-QqToF-MS/MS
unveiled a degree of microheterogeneity, presenting structural complexity with different
phosphorylation states and fatty acid variations [269]. The lipid A molecules analyzed
contained both mono- and bi-phosphorylated forms, evident by unique m/z ratios. Bi-
phosphorylated lipid A (Mg) exhibited anions at m/z 883.5826 and 1768.1972, representing
doubly and singly charged states, respectively. The mono-phosphorylated lipid A (Mwm) is
characterized by an ion at m/z 1688.2144 [269]. Further MS/MS studies confirmed their

structures in Figure 1-24 and Table 1-3.
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Figure 1-24. Schematic representation of lipid A Structures Extracted from Aeromonas
salmonicida. This figure was generated using ChemDraw Prime.

53



Table 1-3. Assignments of the diagnostic ions observed in the QqToF mass spectrum of native lipid
A extract acquired at DP =- 60 [269].

Diagnostic ion | Empirical formula | m/z Calculated; Observed & ppm

[Mg-H]*® CooH173N2025P> 1768.1802; 1768.1972 9.6
[Mg-2HT* CooH172N20,5P> 883.5862; 883.5826 4.0
[Mwm-H]® CooH172N202,P 1688.2139; 1688.2144 0.3

3 Msg: Bi-phosphorylated lipid A.
® Mwm: Mono-phosphorylated lipid A.

MS/MS fragmentation of the singly charged monophosphorylated lipid A [Mwm-H]
species at m/z 1688.2139 fragmentation pathway presented in Schemes 1- 2. The product
anion at m/z 1444.07 confirmed the loss of (C14:0(3-OH)) from the O-2 position. This
fragmentation pathway further led to the formation of anions at m/z 1261.85, 1243.87, and
1035.67, indicating consecutive losses of fatty acid residues and water molecules [269].
The detection of anions at m/z 1261.85 and 1279.86 confirmed that the (C14:0(3-0-12:0))
acid residues were linked at both the N-2' and O-3' positions. Similarly, ions at m/z 1444.07
and 1017.67 provided evidence for the presence of (C14:0(3-OH)) acid residues at the
reducing end [269].

The product anion at m/z 1488.08 confirms the loss of (C12:0) acid from the non-
reducing end. This ion was a crucial diagnostic marker for the presence of (C14:0(3-O-
12:0)) acid at the N-2' or O-3' positions. The ion at m/z 1279.86 was formed by the loss of
both (C12:0) ketene and (C14:0) acid ketene. These eliminations confirmed the presence
of (C14:0(3-0-12:0)) acyl chains at the non-reducing end (Scheme 1-2).

These analyses highlight the structural diversity in lipid A from Aeromonas species,
providing key insights into bacterial immune evasion and guiding potential vaccine targets

to counteract these pathogens’ virulence mechanisms [269].
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lipid A [Mwm -H] ion at m/z 1688.2. This figure was generated using ChemDraw Prime.
The following section will introduce the separation techniques employed in this

study to improve MS characterization.

1.3.5. Ion Mobility Spectrometry (IMS)

An IMS is an analytical technique that separates ionized molecules in the gas phase
based on their mobility through a buffer gas under the influence of an electric field [274].
This separation is influenced by the ion's size, shape, and charge, allowing IMS to

distinguish between isomers and conformers that might be indistinguishable by MS alone
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[275]. Consequently, IMS is frequently coupled with MS (IMS-MS) to enhance analytical
specificity and provide structural information about analytes [276, 277].

A notable advancement in this field is Field Asymmetric Waveform Ion Mobility
Spectrometry (FAIMS). FAIMS enhances the traditional IMS concept by applying an
asymmetric high-voltage waveform between two electrodes, separating ions based on
differences in their mobility under high and low electric fields. This orthogonal and highly

selective separation enhances specificity prior to MS analysis [277, 278].

1.3.5.1. Principle of FAIMS:

In FAIMS, ions are introduced between two electrodes in a flowing carrier gas and
subjected to an asymmetric waveform that alternates between high and low electric field
intensities [279]. The field strength causes ions to experience non-linear mobility behaviour
due to energetic collisions with the gas molecules. The ion’s velocity (cm/s) relative to the
applied field (V/cm) is described by its mobility (K, cm?/V-s) [280]. While K is typically
constant at low field strengths, at higher electric fields, ion mobility becomes field-
dependent. Three general types of ion behaviour have been described. Type A ions show
an increase in ion mobility with increasing field strength. Type B ions display an initial rise
in ion mobility with increasing fields, followed by decreasing mobility as the field strength
rises further. Type C ions show a decrease in ion mobility with increasing field strength.
More recent experimental and theoretical studies have shown that these differences in ion
behaviour depend on multiple parameters, including ion structure, collision cross-section,

and instrumental settings [279].
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Compensation voltage (CV) is a critical parameter in FAIMS operations [279]. CV
is applied to counteract the net ion displacement caused by the asymmetric waveform,
allowing only ions with specific differential mobility (AK) to traverse the FAIMS cell and
reach the mass spectrometer. Unlike drift tube IMS, which samples ion packets in discrete
time intervals, FAIMS acts as a continuous filtration system, selectively transmitting ions

in real time based on the applied CV [280].

1.3.5.2. Applications of FAIMS:

FAIMS has found diverse applications across multiple branches of analytical
science, notably enhancing the performance of MS. In proteomics, FAIMS is particularly
beneficial for reducing chemical noise, thereby improving the detection of low-abundance
peptides. It achieves this by filtering out interfering ions and selectively transmitting ions
based on their differential mobility, enhancing both the dynamic range and detection
sensitivity in MS-based workflows. For example, LC-FAIMS-MS has demonstrated
significant improvements in the detection and quantification of peptides in complex
biological samples [280]. Furthermore, when combined FAIMS with parallel reaction
monitoring, FAIMS has been shown to increase the sensitivity of targeted proteomic assays
in formalin-fixed, paraffin-embedded tissue analyses, improving the signal-to-noise ratio
for targeted proteins [281].

In lipidomics, the structural diversity and isomeric complexity of lipids present
unique analytical challenges. FAIMS has been effectively employed to improve the

separation of lipid classes and isomeric species, enabling more comprehensive lipidomic
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analyses. For instance, the use of Hydrophilic Interaction Liquid Chromatography (HILIC)
combined with FAIMS-MS allows for the separation of lipids based on headgroup polarity
and fatty acyl chain composition, facilitating detailed lipid profiling in biological samples
[282]. Additionally, FAIMS has advanced shotgun lipidomics techniques by enhancing the
detection and characterization of gangliosides, a complex class of glycosphingolipids. By
improving the separation of isomeric species, FAIMS supports more detailed analyses of
lipid compositions in biological systems [283].

FAIMS also addresses a major analytical challenge in carbohydrate analysis:
distinguishing isomeric forms such as anomers, linkage isomers, and positional isomers,
which often share identical masses. Traditional mass spectrometry alone struggles to
resolve these isomers effectively. However, FAIMS enables rapid and sensitive separation
of disaccharide isomers without the need for prior purification or chromatographic
fractionation [284].

The following section will introduce the techniques employed in this study to

enhance the characterization of bacterial lipid A.

1.3.6. Kendrick mass defect plots (KMD)

Mass spectra are often highly complex, making data interpretation challenging.
Among the various data mining tools available, KMD analysis has become a powerful
visualization and data processing tool for the mass spectra of different mixtures such as
oils and LPSs [175, 285, 286]. KMD plots are particularly valuable for classifying and

sorting structurally related ions in complex mixtures [175, 287-291]. This method
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transforms m/z values from the mass spectrum into Kendrick Mass (KM) values by
multiplying the given m/z value by the ratio of the nominal mass of a repeating unit to its
IUPAC exact mass [288]. Historically, KMD analysis involved a change of basis from the
IUPAC mass scale to a KM scale, where the nominal mass of the methylene group base
unit (CH>) is set at 14 a.u. [175] .

The KM is calculated as follows [286]:

_ 14.00000 Eq.1
KM = experimental m/z x g.
14.01565
The KMD is then determined as [286]:
KMD = nominal KM - exact KM Eq.2

In a KMD plot, the relationship between the KMD and the nominal KM is visually
represented. Using CH: as the base unit, ions differing only by the number of CH> units
align horizontally, as they share the same KMD value (Figure 1-25). lons whose elemental
composition differs by several CH: units also share the same KMD and line up horizontally
in the plot [175]. Conversely, ions with different KMD values align vertically, with
differences reflecting variations in double bond equivalents (DBE) or heteroatom counts;

higher DBE or heteroatom numbers result in higher mass defects [175].
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Figure 1-25. KMD plot of an organic compounds sample using CH> as a base unit. This figure was
reprinted with permission from [292].

When the repeat unit of a homopolymer does not match the base unit used for the
KMD calculation, points deviate from horizontal alignment and instead align diagonally in
the KMD plot [285, 293, 294]. Modifications of KMD analysis introduced alternative base
units tailored to the polymer type [285, 286]. Furthermore, a fractional base unit (i.e., repeat
unit/X) can significantly expand the KMD dimension, amplifying KMD variations across
peaks, which enhances the plot's resolution (Figure 1-26) [285]. Fractional base units have
demonstrated the ability to discriminate isotopes (e.g.,'*C and '3C) and resolve components

in polymeric blends and copolymers into distinct clusters [285].

A B
0.5) KMD base unit: EO 0.5, KMD
047 .. . 04
03 : l 0.3 .1 +4000000000000000000,:° ... 120
02 02 = rerre e ?00000000000040° ¢ .. 13, )
o1 0.1 IR Y Y ¥ P YY TY L IR I 1302
0 1} EEEREEEEE] Tarerresereaet 1303
01 0.1 PR TIrE . “C‘
-0.2 02 o 1305
0.3 . e T 03
o — 04 base unit: EO/8
056 1200 1800 2400 3000 o
800 1200 1500 1800 2100 2400 2700 NKM 900 1200 1500 1800 2100 2400 2700 NKM

60



Figure 1-26. Comparison between KMD plots of poly (ethylene oxide) (PEO) with integer and
fractional (EO/8) units as the base. (A) Full-scale EO-based KMD plot and its magnification in
inset. (B) Full-scale KMD plot using a fractional EO/8 as the base unit. This figure was reprinted
with permission from [285].

1.4. Hypotheses and Research Goals

The main work described in this introduction establishes the context of my PhD,
outlining the motivation and significance of this research. It provides the necessary
background on two key research areas: the structural investigation of Atlantic cod otolith
proteins and the structural elucidation of bacterial lipid A from marine Gram-negative
bacteria.

For the study on Atlantic cod otolith proteins, we hypothesize that cod otolith
proteins can represent the protein profile of fish from embryo to death. The aims of this
research are to characterize and quantify the protein composition of cod otoliths using the
shotgun proteomic technique. This work sheds light on the physiological and biochemical
roles these proteins play in fish growth and life history, which are essential for sustainable
fisheries management.

Additionally, the analysis of lipid A from marine Gram-negative bacteria of the
Vibrionaceae and Aeromonadaceae families aims to provide critical insights into the
impact of bacterial endotoxins on fish health. By employing FAMIS-ESI-MS and MS/MS
techniques, along with Kendrick mass defect analysis, we seek to reveal the molecular

structures of lipid A and offer novel insights into its biological function.
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Together, these studies pave the way for a deeper understanding of the biochemical

complexity of marine environments and set the foundation for future advancements in

marine ecosystem management and conservation.
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Chapter 2 Qualitative Shotgun Proteomics Strategy for

Protein Expression Profiling of Fish Otoliths

This Chapter is reproduced with permission from Trevena N. Youssef, Rick M.
Rideout, Aaron T. Adamack, Rince John, Alejandro M. Cohen, Travis D. Fridgen and
Joseph H. Banoub, “Qualitative Shotgun Proteomics Strategy for Protein Expression
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2.1. Abstract:

Despite decades of research on fish otoliths and their capacity to serve as
biochronological recorders, much remains unknown about their protein composition, the
mechanisms by which proteins are incorporated into the otolith matrix, or the potential for
using otolith proteins to provide insight into aspects of fish life history. We examined the
protein composition of Atlantic cod (Gadus morhua) otoliths using a state-of-the-art
shotgun proteomics approach with liquid chromatography coupled to an electrospray
ionization-FAIMS-orbitrap tandem mass spectrometer. In addition to previously known
otolith matrix proteins, we discovered over 2000 proteins not previously identified in cod
otoliths and more than 1500 proteins not previously identified in any fish otoliths. These
included three novel proteins (Somatolactin, F-actin-capping protein subunit beta,
Annexin) primarily involved in binding calcium ions and likely mediating crystal

nucleation. However, most of the otolith proteins were not necessarily related to otolith
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formation but rather to other aspects of fish physiology. For example, we identified sex-
related biomarkers for males (SPATAG protein) and females (Vitellogenin-2-like protein).
We highlight some noteworthy classes of proteins having diverse functions; however, the
primary goal here is not to discuss each protein separately. The number and diverse roles
of the proteins discovered in the otoliths suggest that proteomics could reveal critical life
history information from archived otolith collections that could be invaluable for
understanding aspects of fish biology and population ecology. This proof-of-concept
methodology paper provides a novel methodology whereby otolith proteomics can be

further explored.

2.2. Introduction

Otoliths are dense structures made primarily of calcium carbonate, whose
movements in response to sound and motion play a critical role in the hearing and
equilibrium of fishes [1]. The otoliths sit within endolymph-filled chambers, and their
positioning and vibratory movements are picked up by the long ciliary bundles of sensory
epithelial cells and relayed to the brain via the auditory nerve [1-6]. Among the three pairs
of otoliths found in fishes, the sagitta are the largest and most widely studied and used in
fisheries research.

For fisheries biologists, otoliths are regularly used to reveal critical fish life history
information. Otoliths accrue daily and annual growth rings [7-9] and have long been
considered invaluable in fish age determination. This information is essential for

developing age-based population dynamics models used in the management of fisheries
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resources. Therefore most, if not all, fisheries research departments put extensive effort
and resources into collecting and ageing fish otoliths [10]. For example, Fisheries and
Oceans Canada recently completed a partial internal survey of its fish otolith ageing
programs and concluded that several hundred thousand otoliths are aged each year across
more than 100 species/fish stocks at an aggregate cost of several million dollars [11].

In addition to aging fish, otoliths can be used to back-calculate growth rates based
on the width of annual growth rings [12], marking the first use of otoliths as chronological
recorders of fish life history information. Otoliths are composed of a crystalline calcium
carbonate structure, usually in the form of aragonite, on a protein matrix [13, 14]. Trace
elements from a fish’s environment are also incorporated into the otolith. Because fish
otoliths are metabolically inert, materials accrued to the otolith in the form of new growth
rings become permanent features of the otolith [15-18]. Understanding how the trace
elements in otoliths correlate with environmental conditions, coupled with the availability
of large libraries of stored otoliths, has resulted in an abundance of research using otoliths
to reveal fishes’ environmental history [14, 19-21]. For example, the concentration of
Strontium or Barium in relation to the amount of Calcium in the otoliths can reveal
information about the salinity history of individuals, which has proven particularly useful
for tracking the life history of diadromous fishes [14]. Many elements also have isotopes
that are more or less prevalent under different environmental conditions, and these isotopes
are also recorded in the otoliths. For example, the 330 content of otoliths is negatively
correlated to water temperature, allowing a fish’s temperature history to be gauged from

its otoliths [14].
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In comparison to trace elements, much less is known about the protein composition
of fish otoliths. While proteins make up only a small portion (~2—-3%) of the otolith, they
are thought to play a critical role in otolith formation [14, 22]. Otoliths grow via the daily
formation of alternating mineral-rich and protein-rich bands [13, 15, 23]. The protein
matrix not only provides a substrate for calcium carbonate deposition but also appears to
play an active role in determining the type of calcium carbonate that is incorporated into
the otolith [14, 22, 24]. Proteins that appear to play important roles in otolith formation and
maintenance include otolith matrix proteins (OC90, Otolin-1, OMP-1, Cochlin, etc.),
otolith anchoring proteins (Otolin, Otoglin, Otoglin-like, Otancorin, a-Tectorin, -
Tectorin, KSPG, etc.), and otolith regulatory proteins (Plasma membrane calcium ATPase
isomer 2 (PMCA2), Carbonic anhydrase, Otoptin-1, Otoptin-2, etc.) [7, 21, 24-29].
However, it has also been demonstrated that proteins with no functional role in
biomineralization may also become trapped in the otoliths during the basic process of
increment formation [20]. It has been proposed that these proteins could serve as
biomarkers for aspects of development and physiological change and provide the potential
to reconstruct the life histories of fishes to an unprecedented level, opening up new and
exciting avenues of research in ecology and fisheries science [20].

The emergence of bottom-up shotgun proteomics approaches has greatly enhanced
the capacity to identify proteins in complex mixtures [30, 31]. Here, we performed a
preliminary test of the use of shotgun proteomics using liquid chromatography-

electrospray tandem mass spectrometry (LC-ESI-MS/MS) to identify proteins in cod
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otoliths and evaluated whether archived otoliths contain proteins that could potentially be

used as biomarkers to reconstruct aspects of fish life history (Figure 2-1).

Figure 2-1. The aim of this study is to establish a proof-of-concept for a shotgun proteomics
approach to evaluate the proteome of Atlantic cod otoliths. This figure was created by BioRender.

2.3. Materials and Methods

2.3.1. Otoliths

The archived otolith collection at the Northwest Atlantic Fisheries Centre (St.
John’s, Canada) contains thousands of Atlantic cod otoliths collected over several decades.
The methods used to collect otoliths can vary slightly between individual technicians, but
in general otoliths were exposed via a dorsal incision in the fish’s skull and were removed
using forceps. Otoliths were blotted dry with paper towel and stored in small paper
envelopes. For this proof-of-concept study, we selected twelve otoliths (6 males, 6 females)
collected in 2019 from the northeast coast of Newfoundland, Canada. Otoliths were washed
with deionized water prior to protein extraction. Finally, each individual otolith was ground

in a mortar using a pestle and then added to a fine powder.Chemicals and Standards
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All standards, samples and buffers were prepared using MO; ultra-pure Milli-Q
H>0 (18.2 MQ-cm, Merck Millipore, Darmstadt, Germany). All chemicals were purchased
from Sigma Aldrich (Castle Hill, NSW, Australia) and were of the highest available purity.
Mass spectrometric grade trypsin was obtained from Promega (Madison, WI, USA). MS-
grade solvents for chromatography were obtained from Canadian Life Science.Otolith
Protein Extraction

Full powdered otoliths (2 mg) were suspended in 20% w/v trichloroacetic acid
(TCA) (10 mL) and incubated overnight at room temperature. Samples were then
centrifuged at 10,000x g for 10 min, and the supernatant was discarded. The crystals were
washed with 100 pL of ice-cold acetone and recentrifuged. The supernatant and any
remaining undissolved otolith were discarded, and the vacuum-dried pellet was processed
for in-solution digestion. Briefly, 0.1 mg of the pellet was resuspended in denaturing buffer
containing 8 M urea and 0.4 M ammonium bicarbonate (NH4HCO3). Then, 10 pL of 0.5
M dithiothreitol (DTT) was added and incubated for 30 min at 60 °C. After cooling for 5
min at room temperature, 20 pL of 0.7 M iodoacetamide (IAcNH:) was added and
incubated for 30 min. Next, the sample was diluted with 1.2 mL of H>O followed by 10 pL
of 0.1 M CaCl. For enzymatic digestion, 100 uL of 0.02 pg/uL trypsin (Promega Trypsin
Gold, Mass Spectrometry Grade, Promega) prepared in 50 mM NH4HCO3 was added to
each sample. The samples were incubated overnight at 37 °C in a shaker. The trypsin
activity was inhibited by adding 1 pL of trifluoroacetic acid (TFA), and the samples were

acidified to a pH below 3 with formic acid.
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The samples were then desalted using Oasis HLB 3cc Extraction Cartridges
(Waters Corporation, Milford, MA, USA) connected to a SuperlcoVisiprep DL manifold
(Sigma-Aldrich, Darmstadt, Germany). The column was conditioned using 0.5 mL
methanol followed by 1 mL of an elution buffer containing 50% ACN and 0.1% TFA and
then with 2 mL wash buffer prepared with 0.1% TFA. After loading the sample, the column
was washed with 5 mL of wash buffer and eluted twice with 0.5 mL of 50% acetonitrile-
0.1% TFA and once with 0.5 mL of 80% ACN-0.1% TFA. The eluant was dried using a
vacuum concentrator (SpeedVac Concentrator, Thermo Electron Corp., Gormley, ON,
Canada). The dried peptide was reconstituted in 12 pL of resuspension buffer containing

5% acetonitrile and 0.1% formic acid.

2.3.2. Shotgun Proteomics by LC-ESI-MS/MS

The LC separation was carried out using the Ultimate 3000RSLCnano system
(Dionex/Thermo Fisher Scientific, San Jose, CA, USA). For analysis, 2 pL (1 mg/mL) of
the sample was injected onto an in-house packed capillary column (50 cm % 75 pm, pulled
tip, ESI source solutions) packed with Jupiter C18 4 pum chromatographic media
(Phenomenex, Torrance, CA, USA) at a flow rate of 300 nL/min. Chromatographic
separation was performed with a 120 min method using solvent A (0.1% formic acid in
MS-grade water) and solvent B (0.1% formic acid in MS-grade acetonitrile) from 5% to
30% for 90 min, then increasing to 55% for the next 12 min and then to 95% for 8 min
before being reduced to 5% B for the remainder of the 120 min run. The column oven

temperature was set at 40 °C.
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The ESI-MS spectra were obtained using an Orbitrap Fusion Lumos Tribrid Mass
Spectrometer (ThermoScientific Waltham, MA, USA) fitted with a Nanospray Flex Ion
source and FAIMS Pro sources. The detailed acquisition parameters for mass spectrometry
analysis were as follows: for ionization, the spray voltage was 1.8 kV with an ion transfer
tube temperature of 300 °C. The data were acquired in data-dependent acquisition mode
with a full scan using Orbitrap at a resolution of 120,000 over a mass range of 400-2000
m/z. The FAIMS source was operated at three different compensation voltages (CV = 40,
60 and 80). The auto gain control (AGC) was set in standard mode, and the maximum
injection time at auto mode. For each MS/MS, the acquisition of peaks with intensities
above 5.0 e* was performed using a normalized HCD collision energy of 35%. The cycle
time was set at 1 s. The isolation window for MS/MS was set at 1.6 Da. The AGC target
was set at standard mode, with the maximum injection time mode as auto. The precursor
ions with positive charges 2 to 5 were selected for MS/MS analysis. After every single
MS/MS acquisition, the dynamic exclusion time was set at 60 s with a mass tolerance of
+10 ppm.

The MS/MS raw files were acquired using Thermo Scientific Xcalibur 4.5 and Tune
3.5 and searched against the Gadus morhua protein database (Taxon ID 8049) downloaded
from Uniprot using Proteome Discoverer 2.5 (ThermoFisher, Toronto, ON, Canada). The
SequestHT search engine node was used for peptide and protein identification. Two missed
cleavages for trypsin digestion were allowed with a 10-ppm precursor mass tolerance and
fragment mass tolerance of 0.6 Da. The oxidization of methionine and N-terminal

acetylation were set as dynamic modification, and carbamidomethyl cysteine was selected
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as a static modification. As a control, we used trypsin-digested bovine serum albumin

(BSA) under the same experimental conditions.

2.4. Results and Discussion

The work presented here represents a preliminary experiment and the establishment
of a proof-of-concept of a shotgun proteomics approach that could be used to evaluate the
proteome of Atlantic Cod otoliths. Although otoliths from only twelve fish (six males, six
females) were examined, the sheer number of proteins identified suggest that (1) the proof-
of-concept was successful and that this method represents an advancement for further
otolith proteomics work, and (2) archived otolith collections intended for ageing purposes
are suitable for proteomics work.

A Sequest HT search comparing the MS/MS raw files for the 12 otoliths against
the Gadus morhua protein database (Taxon ID 8049) downloaded from Uniprot resulted in
the identification of well over 2000 otolith proteins (Tables A1-1 and A1-2, Appendix:
Supplementary Materials). In addition to previously known otolith matrix proteins, we
discovered over 2000 proteins not previously identified in cod otoliths and more than 1500
proteins not previously identified in any fish otoliths.

It is important to state that at this stage our results are only qualitative in nature.
The intent is to demonstrate the huge array of proteins identified by the shotgun proteomics
approach that had not previously been recorded in cod otoliths. Here, we present detailed
lists of proteins for only two representative fish (one male and one female), but note that

the total number of otolith proteins identified per individual is variable. The two individuals
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highlighted here both contained more than 2000 otolith proteins, even after the exclusion
of 27 uncharacterized proteins and 16 potential contaminant proteins (see below). This far
exceeds the number of otolith proteins reported elsewhere [26]. The complete list of
proteins identified via the shotgun approach is provided in the Appendix: Supplementary
Materials (Tables A1-1 and A1-2).

Listing and understanding the role of the thousands of proteins identified in cod
otoliths is a daunting task and remains a future challenge. For now, the proteins were
filtered according to sequence coverages to identify the most abundant proteins. While the
sequence coverage was used as a guideline for protein abundance, we note that these values
could also be affected by several factors, including how well a given protein is extracted
from the otolith, the effectiveness of it undergoing trypsin digestion, and the readiness of
individual peptides dissociate in MS/MS and ionize in the source [31]. Using this approach,
we identified 302 proteins that could be considered to be abundant (defined here as having
a sequence coverage greater than 20%) in the male otolith and 247 in the female otolith
(Tables A1-3 and Al1-4, Appendix: Supplementary Materials). The number of unique
peptides in these proteins ranged from 2 to 107. Nearly half of the abundant proteins were
common to both the male and female otoliths, whereas the others were exclusive to one

sex or the other (Figure 2-2, Tables A1-5 - A1-7, Appendix: Supplementary Materials).

122



Males Females

Figure 2-2. Venn diagram of protein expression: male vs. female. The diagram consists of two
overlapping circles representing the male and female unique proteomes. The total number of unique
proteins in the male sample is 138, while the female sample contains 67 unique proteins.
Interestingly, 143 proteins are common to both sexes, indicating shared protein expression. This
figure was created in R using the package “VennDiagram”[32].

Previous studies on the otolith proteome have generally focused on identifying
proteins important to biomineralization. It has been suggested that otolith biomineralization
is produced by three main groups of proteins: (1) otolith matrix proteins, (2) otolith
anchoring proteins of the membrane, and (3) otolith regulatory proteins [7, 21, 24-29]. In
addition to many of these proteins, we also identified more than 2000 proteins not
previously reported in cod otoliths [29, 33] and more than 1500 not previously documented
in the otoliths of any fish species [26]. Three of these novel proteins (Somatolactin, F-actin-
capping protein subunit beta, Annexin) are primarily involved in binding calcium ions and
likely mediating crystal nucleation. However, most of the otolith proteins identified here
were not necessarily related to otolith formation, but rather to other aspects of fish

physiology, and may have been trapped during otolith formation rather than playing a

necessary role in otolith construction.
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Here, we noted both similarities and differences (Tables A1-3 - A1-7, Appendix:
Supplementary Materials) in male and female otolith proteomes, including the presence
of sex-related biomarkers for males (SPATAG6 protein) and females (Vitellogenin-2-like
protein). Similar findings have been reported by Thomas ef al. [26]. The inner ear of fish,
which is enclosed in the braincase and has no direct link to the outside medium or other
internal systems such as the circulatory system [2], is generally considered a closed system
whereby the organic and inorganic materials necessary for otolith growth are secreted into
the endolymph by the surrounding saccular epithelial cells [26]. The observations here and
elsewhere [26] of large numbers of proteins in the otolith unrelated to biomineralization
suggest that the endolymph and otolith proteomes may also reflect other physiological
processes taking place in the fish (growth, maturation, etc.). Clearly, more work is needed
to fully understand otolith proteomics in relation to fish physiology, but our results suggest
that the presence of these proteins in the otoliths could provide the potential to reconstruct
the life histories of fishes to an unprecedented level [26].

The otoliths used in this study were white in colour, with no visible signs of
contamination. However, because otoliths were not collected in a sterile environment and
were also likely in contact with human hands-on multiple occasions (e.g., as a part of our
fish aging program), it was necessary to examine the protein data with respect to the
potential for some proteins to be a result of otolith surface contamination. Otoliths were
washed with deionized water prior to our analyses, yet we still detected 10 human keratin
proteins, suggesting that some surface contamination still existed. We also identified six

fish hemoglobin proteins. Although we treated these proteins as likely contaminants on the
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otolith surface, we could not definitively determine whether they were surface
contaminants or proteins incorporated in the otoliths. Future work using a more thorough
surface cleaning should help to answer these questions.

Our results demonstrate that the shotgun approach to proteomics is an effective way
to examine the otolith proteome of fishes and is capable of producing much higher
resolution results than typically reported. It is not the goal of this proof-of-concept paper
to describe all of the observed proteins. However, we take the opportunity below to
demonstrate the diverse types of proteins identified in cod otoliths, since these results
provide a very different view of otolith proteomics than previous research, which has
focused primarily on proteins actively involved in biomineralization. Cod otoliths
contained several proteins implicated in protein synthesis.

Here we list (Table 2-1) and describe (below) some select noteworthy classes of
cod otolith proteins. We chose a subset of proteins with diverse functions and grouped them
based on whether their formation was driven by biochemical processes or physiological
processes. A complete list of proteins is provided in Appendix: Supplementary
Materials.

Table 2-1. Proteins were obtained from biochemical and physiological processes involved in the
formation of otoliths.

1. Biochemical Processes
1.1. Protein Synthesis

AO0A8C4ZUES 40S ribosomal protein S12
AO0ABCS5BTO07 408 ribosomal protein S18
AO0A8CS5BHD6 408 ribosomal protein S19
A0A8C4ZDL6 408 ribosomal protein S28
AO0ABC4YWO06 408 ribosomal protein S3a
AOABCS5F524 408 ribosomal protein S9
A0ABC5B226 40S SA C domain-containing protein
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AO0A8C4ZT25
A0A8C4Z3G5
AO0A8C5BNH7
AO0ABC4Z1D1
A0A8C4ZUIJS5
A0A8C4ZRS55
AOA8CS5FJ16

AOA8C5BPU1
AOA8C5C4N4
AOA8C5ADHS/
AOA8CSFBY3
AOA8C4ZEHS5
AOABC4YZP8
A0ABC4Z702
P21919

AO0ABC4ZIJEL
AOABCS5A8CS
AO0A8C5BJ01

AO0ABC4Z78S3
A0A8C5F5V1

AOABC4YYCS
AOA8C5AUM7
A0ABC4Z154

AOABC5AGKO0/A0A8CA4

YZ60
AOA8CS5FKS7

AOA8CSFII3
A0A8C4ZDZ9
AO0ABC4ZHY1
AOA8CSFEX0
AO0ABC4ZF74
AOA8CSAFRI1

AQABC5C226/A0A8C4

ZFJ9/

AOABC4YVX1/A0ABCS

B373/

AOQABC4YSX2/A0A8CS

B602/
A0A8C4ZH54
AOA8CSFDEF8
AO0AB8C5C7G7
AO0A8C5BEPO

A0A8C5BRQ2
AOABCS5AIT3

60S acidic ribosomal protein P2

60S ribosomal protein L27

60S ribosomal protein L30

60S ribosomal protein L31
Aminoacyl-tRNA hydrolase

Purine-rich element binding protein Ab (PURA)
Ribonucloprotein (RNP)
1.2. Biochemical Reaction Processes
Oxoisovalerate dehydrogenase subunit alpha
Acetyl-CoA acetyltransferase 1 (ACAT1)
Aconitate hydratase

Transketolase b (TKT)
Malate dehydrogenase (MDH)
Peroxiredoxin-1 (PRX1)
Somatolactin
2. Physiological Processes
2.1. Brain Function Processes
14-3-3 protein beta/alpha-1-like protein
Alpha-2-HS-glycoprotein-like
Aspartate aminotransferase
2.2. Mediated Transport Processes
AP-3 complex subunit mu-2 (PA3)
Adaptor related protein complex 3 subunit sigma 1
2.3. Mitochondrial Processes
ADP/ATP translocase
ATP-binding cassette sub-family B (MDR/TAP)
ATP synthase-coupling factor 6 mitochondria
ATP synthase subunit alpha and beta

Voltage-Dependent Anion-selective Channel 2 (VDAC2)

2.4. Cytoskeleton and Extracellular Matrixes

Actin, beta protein
Actin-related protein 2/3 complex subunit 5
Chondroadherin-like b (CHADL)

Choclin: extracellular matrix (ECM)
Decorin or pericellular matrix proteoglycan (SLRP)
the Intermediate filament protein ON3-like (IFs) [47]
Keratins

F-actin-capping protein subunit beta complex
Smoothelin a
Tubulin alpha-1A chain (TUBA 1A)
2.5. Adhesion and Binding Processes
Annexin
Secreted acidic cysteine rich glycoprotein (Sparc)
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AOABC5B6I8 Myelin basic protein (MBP)
2.6. Cellular Signaling Processes

AO0ABC4ZKS6 Arrestin-domain containing protein 1 (Arrdcl)
AOABCS5BSR3 Calmodulin 2a phosphorylase kinase (CaMKII)
A0ABC4Z128 Glypicans (Gpi)
AOASCS5BN57/A0A8C4 Glycoprotein Tetraspanin
Z2M4
A0ABC4Z782/A0A8CS Nucleobindin 1 (NUCBI)
B4W1
2.7. Cellular Immunological- Processes
AOABCS5F947 A20/ANI zinc-finger domain-containing protein
AO0A8C5BVB7 Pentraxin
2.8. Nuclear Physiological Processes
AOASCSFTZ2/A0A8C4 High mobility group (HMG) protein
ZQW9/A0ABCAZTES
A0A8C5B042/A0A8CSF Histone protein
QN1/A0A8CSFAA0
2.9. Ions Transport Processes
AOABCSAKI2 Sodium/potassium-transporting ATPase subunit beta (NKA)
A0A8C4Z4K1/A0A8CS Sodium/potassium-transporting ATPase subunit alpha
ASMS5
2.10. Sexual Differentiation Processes
AOA8C5A412 SPATAG protein
AO0AZC5CHW7 Vitellogenin-2-like protein
3.Identifiecation of Known Otolith Proteins
AO0ABC4ZKX9 Carbonic anhydrase protein (CA)
AQABC5CSCo Cochlin
AOABCSAZT6 Myosin
AOQABC5F796 Otogelin
A0A8C5CLA43 Otolin-1
AOASC5ASMS/A0A8CS Na, K-ATPase proteins
AKI2
AOAS8CSAI73 Secreted acidic cysteine rich glycoprotein (Sparc)
AOA8C5BD06/A0ABCS SERPIN domain-containing protein
D2V1/A0A8CS5SATS89
AOASCSAFLS5/A0A8C4 a- and B-Tectorins
ZvVQ3

2.5. Proteins Linked to Biochemical Processes
2.5.1. Protein Synthesis

Cod otoliths contained several proteins implicated in protein synthesis. For
example, we identified a series of seven subunit otolith proteins belonging to the regulatory

40S ribosomal proteome known to control an increasing number of essential biochemical
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mechanisms of the cellular lifecycle, including DNA synthesis, repair, transcription,
translation and cell signal transduction [34]. In addition to the 40S ribosome proteins, we
also identified four large 60S subunits [35]. We also identified the presence of aminoacyl-
tRNA hydrolase protein, which is responsible for the termination steps of protein
biosynthesis [36]. Similarly, we identified the purine-rich element binding protein Ab
(PURA), which is a single-stranded DNA-binding protein implicated in the control of DNA
replication and transcription [37]. A final example of protein synthesis proteins identified
was RNP, which is in charge of cellular processes such as transcription, translation and

regulating gene expression and the metabolism of RNA [38].

2.5.2. Biochemical Reaction Processes

With respect to the biochemical reaction processes, we noted the presence of
proteins responsible for the ketogenesis metabolic pathway, exemplified by the presence
of oxoisovalerate dehydrogenase subunit alpha and acetyl-CoA acetyltransferase 1
(ACATT1) proteins [39]. Similarly, we identified aconitate hydratase, an enzyme involved
in the isomerization of citrate to isocitrate within the citric acid cycle [40], and the
transketolase b (TKT) enzyme that links the pentose phosphate pathway with the glycolytic
pathway [40]. Also present was malate dehydrogenase (MDH), a protein responsible for
the central oxidative pathway [41] and peroxiredoxin-1 (PRX1), which plays an antioxidant
protective role in cells [42]. Somatolactin, which is a pituitary gland glycoprotein growth
hormone involved in regulating acid-base, calcium and phosphate levels [43], was also

present.
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2.6. Proteins Linked to Physiological Processes

2.6.1. Brain Function

We noted the presence of proteins within the otoliths that are linked to various brain
functions. These included 14-3-3 beta/alpha-1-like protein, which is involved in different
brain functions and the nervous system of fish (e.g., neural signaling, neuronal
development and neuroprotection) [44], as well as the alpha-2-HS-glycoprotein-like, which
plays a critical role in brain development [45]. Likewise, we identified aspartate

aminotransferase, which is responsible for synthesizing neurotransmitters [46].

2.6.2. Mediated Transport Processes

Proteins identified in cod otoliths that are linked to mediated transport processes
included AP-3 complex subunit mu-2 (PA3), which is responsible for protein trafficking
to lysosomes and specialized organelles [47], and the adaptor-related protein complex 3
subunit sigma 1, which is involved in clathrin-mediated vesicular transport from the trans-

Golgi network (TGN) [48].

2.6.3. Mitochondrial Processes

Proteins identified in the otoliths that are linked to mitochondrial processes
included ADP/ATP translocase, which belongs to the mitochondrial carrier family [49].
We also found the ATP-binding cassette sub-family B (MDR/TAP), which regulates
apoptotic and non-apoptotic cell death [50]; the ATP synthase-coupling factor 6, which

was reported to be essential for energy transduction [51]; and the ATP synthase subunits

129



alpha and beta that generate electron transport complexes for the respiratory chain [52].
Finally, we identified the voltage-dependent anion-selective channel 2 (VDAC?2) protein,
which is known to contribute to oxidative metabolism by facilitating solute transport across
the outer mitochondrial membrane (OMM). VDAC?2 also has a distinctive Ca*" role in
mediating the sarcoplasmic reticulum to mitochondria local transport in cardiomyocytes

[53].

2.6.4. Cytoskeleton and Extracellular Matrices

Otolith proteins involved in the cytoskeleton and extracellular matrix formation
included actin, beta protein and actin-related protein 2/3 complex subunit 5, all highly
conserved major proteins involved in structure, the integrity of the contractile apparatus
and non-muscle cytoskeletal actins that are ubiquitously expressed [54, 55]. We also
identified chondroadherin-like b (CHADL) protein, which is responsible for creating the
extracellular matrices, and the assembly of collagen fibrils, which are composed by the
collagen-associated small leucine-rich proteins (SLRPS) family [56]. Also observed were
choclin, an extracellular matrix (ECM) protein, which constitutes the main acellular
microenvironment of cells in almost all tissues and organs [57]; decorin, also known as the
small cellular or pericellular matrix proteoglycan (SLRP), the component of the connective
tissues and stabilizing inter-fibrillar organization [29, 58]; and intermediate filament
protein ON3-like (IFs) [59] and keratins [60], both proteins belonging to the cytoskeletal
structural components. We also identified the F-actin-capping protein subunit beta

complex, which binds in a calcium-independent way to the growing ends of actin filaments
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(also called barbed end), blocking the exchange of subunits at these ends [55]. Additionally,
we observed the presence of smoothelin a, an actin-binding protein that directs the
functional contractility of the intestinal smooth muscle [61]. Finally, we observed the
presence of the tubulin alpha-1A chain (TUBA 1A). This protein provides structural
support and the pathway for transport and force generation in cell division, neuronal

development and maturation [62].

2.6.5. Adhesion and Binding Processes

We observed the presence of proteins involved in the physiological processes of
adhesion and binding, including annexin, which is a Ca** dependent phospholipid binding
protein. This protein is implicated in a variety of pathophysiological processes, including
cell proliferation, apoptosis, differentiation, metastasis and inflammatory response [63].
We also identified myelin basic protein (MBP), which is an abundant protein in the central
nervous system. MBP acts as a membrane actin-binding protein, and is responsible for the
adhesion of the cytosolic surfaces of multilayered compact myelin [64]. It is involved in
several other functions, such as interacting with polyanionic proteins, including actin,

tubulin, Ca?*-calmodulin, clathrin and negatively charged lipids [65].

2.6.6. Cellular Signaling Processes
We identified several proteins involved in cellular signal processing in the two cod
otoliths. Arrestin-domain containing protein 1 (Arrdcl) was identified and is known to

have the ability to arrest or turn off the coupling of G-protein-coupled-Receptors (GPCRs)
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and thereby inhibit signalling [66]. Similarly, we found calmodulin 2a phosphorylase
kinase (CaMKII), which is involved in many signalling cascades and memory. It is well
known that the divalent cation calcium (Ca?"), which is vital to cellular physiology, is the
most utilized second messenger in cellular signalling [67]. Due to its highly reactive nature,
the low intracellular concentration of Ca?" makes it a potent molecule for use in cellular
signalling. Indeed, many of the secondary messenger effects of Ca* are mediated through
the ubiquitous sensing protein calmodulin (CaM) [68]. We also identified the glypicans
(Gpi) protein, which belongs to the heparan sulfate proteoglycans (HSPG) family. These
are ubiquitous molecules playing essential functions in various biological processes. The
Gpi-protein’s main job is to anchor HSPGs directly to the cell surface and/or extracellular
matrix, where they regulate growth factor signalling during development [69].

Similarly, we identified the presence of the glycoprotein tetraspanins, a membrane-
spanning protein with a conserved structure that functions primarily as a tissue membrane
protein organizer. All members of the tetraspanin family of proteins have four
transmembrane domains, which contribute to creating a small (EC1) and large (EC2)
extracellular loop. The large extracellular loop contains a conserved Cys-Cys-Gly amino
acid motif (CCG motif). These four conserved cysteine residues within EC2 promote the
formation of disulfide bridges [70]. Finally, we observed the presence of the Nucleobindin
1 (NUCBI1) protein,; it is a putative DNA- and calcium-binding protein which has a vital
role in the central nervous system. NUCB1 was revealed to be present in the Golgi
apparatus and can play an important role in the spatiotemporal calcium handling in

signaling cells [71].

132



2.6.7. Cellular Immunological Processes

We identified two otolith proteins most commonly implicated in cellular
immunological processes. The A20/ANT1 zinc-finger protein’s main role is to regulate the
immune response. It also acts as a de-ubiquitinating enzyme and is involved in controlling
fundamental cellular activities[72-74]. Pentraxin, which functions as a soluble pattern-
recognition molecule, was also identified. Its main role is to induce host defense, primarily
to induce the opsonization of the pathogens through activating the complement pathway

and binding to Fc gamma receptors [75].

2.6.8. Physiological Nuclear Processes

For proteins associated with nuclear physiological processes, we found an otolith
protein named the high mobility group (HMG) protein. The HMG is a superfamily of
abundant and ubiquitous nuclear proteins that bind to DNA and nucleosomes and induce
structural changes in the chromatin fiber. They are important in chromatin dynamics and
influence the regulation of DNA-dependent processes such as transcription, replication,
recombination, and DNA repair [76]. In addition, we found a histone protein that provides
structural support for chromosomes containing an elongated molecule of DNA, which must
acceptably fit into the cell nucleus. This allows DNA to wrap around complexes of histone

proteins, allowing the chromosome to have a more compact shape [77].
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2.6.9. Ion Transport Processes

We found two Na, K-ATPase proteins, the sodium/potassium-transporting ATPase
subunit beta (NKA) and the sodium/potassium-transporting ATPase subunit alpha. Both
proteins classically work as an ion pump that creates an electrochemical gradient across
the plasma membrane [78]. This electrochemical gradient was created by pumping three
molecules of Na* out of the cell in exchange for two molecules of K* entering the cell. This
process is essential for transepithelial transport, nutrient uptake and membrane potential.
In addition, Na, K-ATPase also functions as a receptor, a signal transducer and a cell

adhesion molecule [78].

2.6.10. Sexual Differentiation

Our cod otoliths contained proteins related to sexual differentiation and gamete
development. The SPATAG6 protein identified in the male cod otolith is essential during the
process of fertilization, during sperm—egg binding and fusion [79, 80]. In zebrafish, this
sperm membrane protein is required for the formation of the segmented columns and the
capitulum, two major structures of the sperm-connecting piece essential for linking the
developing flagellum to the head during late spermiogenesis [81].

We also identified Vitellogenin-2-like. Vitellogenin (VTG) is a phospho-glyco-
lipoprotein synthesized in the liver of oviparous animals in response to circulating
estrogens [82]. The presence of the vitellogenin protein is specifically found in female
blood serum during oocyte growth. It is generally accepted that vitellogenin protein, when

hydrolyzed into a free amino acid pool, serves as the main nutritional source for the
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developing embryo [82, 83]. These two identified otolith proteins could serve as major
sexual differentiation biomarkers, supporting the idea that otoliths can store biological

information about fish

2.7. Identification of Known Otolith Proteins

Some of the proteins that we identified had been previously documented in fish
otoliths, although not necessarily for Atlantic cod. For example, we identified carbonic
anhydrase (CA), an enzyme critical in acid-base homeostasis and bone remodeling. CA is
produced in the brain and drives the neuronally guided bio-mineralization process. The CA
protein is an enzyme secreted in the inner ear epithelium of the fish, where it regulates the
provision of carbonate for calcium carbonate incorporation into the otolith [84]. We
identified cochlin, which is one of the main known otolith constituents and is responsible
for calcium carbonate crystalline formation. This otolith protein also regulates the immune
response against infection, specifically innate immunity [85]. In addition, we identified
myosin, another known constituent of otoliths. Myosins are motor proteins linking the
actin-cytoskeleton with membrane phospholipids. The main roles of these proteins are to
promote connections between the cytoskeleton and the plasma membrane. They are
essential in cellular processes such as cell migration, vesicular trafficking and cytokinesis.
Previous studies have implicated these molecules in cell functions, including endocytosis,
exocytosis, the release of extracellular vesicles and the regulation of cell shape and
membrane elasticity [86]. We also identified the important otogelin protein, a major

constituent of the otoliths. The otogelin proteins are formed in the sensory maculae attached
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to the otolithic membrane (a gelatinous extracellular matrix) that provides a physical
coupling (tethering) between the otolith and the underlying sensory epithelium [87].
Otolin-1, a collagen-like protein which plays an important role in the growth of
otoliths, was also identified. It has been proposed that it may serve as a template for the
calcification of the otoliths [23]. We also found Na and K-ATPase proteins in our cod
otoliths. These proteins serve as an ion pump that creates the electrochemical gradient
across the plasma membrane. This gradient is essential for transepithelial transport, nutrient
uptake and membrane potential [78]. Na and K-ATPase proteins can also function as
receptors, signal transducers and cell adhesion molecules. The Na and K-ATPase proteins
are also responsible for developing various physiological needs [78]. We identified the
known secreted acidic cysteine-rich glycoprotein (Sparc), which plays an important role in
otolith morphogenesis [88]. This secreted acidic cysteine-rich glycoprotein, which binds
collagen and Ca?", is a precerebellin-like protein. It was suggested that it could associate
with both collagenous otolin-1 and neuroserpin during framework assembly [88]. Another
identified known otolith SERPIN domain-containing protein belongs to the serpins family,
which is a broadly distributed family of protease inhibitors that can induce conformational
change to inhibit target enzymes that are known to be central in controlling many important
proteolytic cascades [88]. Serpins are conformationally labile, and pathogens can misfold
them into inactive protein polymers [89]. Likewise, a-tectorin and B-tectorin proteins were
also identified. These are glycoprotein components of the otolithic membrane and are
essential in developing the teleost otolithic membrane at embryonic stages [86]. The last

previously identified otolith protein that we detected in cod ololiths was the V-type proton
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ATPase subunit G, which functions as a V-ATPase proton pump. This protein creates an
acidic medium, which is necessary for the lysosome function and vesicular traffic. It is also

essential for several developmental processes [90].

2.8. Conclusions and Future Directions

The qualitative preliminary shotgun proteomics approach used here revealed that
cod otoliths contain thousands more proteins than previously documented. Most of these
proteins are not implicated in the biomineralization of otoliths, raising the potential for the
otolith proteome to help recreate details of fish life history at previously unrealized levels.
Much work is still required, however, to fully understand the otolith proteome, the
mechanisms by which proteins are incorporated into the otolith matrix and the linkages
between otolith proteins and fish physiology. Efforts are underway to accurately quantify
the proteins in the cod otolith proteome for the twelve fish examined here, which may be a

first step to addressing some of these questions.
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Chapter 3 Proteomic Blueprint of Atlantic Cod (Gadus
morhua) Otoliths Revealing Environmental Stress
Insights through Label-Free Quantitative Shotgun

Proteomics

This Chapter is reproduced with permission from Trevena N. Youssef, Sherri L.
Christian , Rick Rideout, Aaron Adamack, Pierre Thibault, Eric Bonneil, Travis D. Fridgen
and Joseph Banoub “Proteomic blueprint of Atlantic Cod (Gadus morhua) otoliths
revealing environmental stress insights through label-free quantitative shotgun
proteomics,” BioChem, vol. 4, no. 2, pp- 144-165, 2024;

https://doi.org/10.3390/biochem4020008.

3.1. Abstract:

Otoliths of the fish’s inner ear serve as a natural chronological recorder because of
their continuous formation marked by daily, monthly, and annual increments. Despite their
importance, the comprehensive protein content of otoliths remains not fully identified.
Using the label-free shotgun proteomics method with one-dimensional liquid
chromatography coupled to -electrospray ionization-FAIMS-orbitrap tandem mass
spectrometry, we quantified a broad range of proteins, with individual otoliths containing
between 1341 and 1839 proteins. The identified proteins could potentially serve as a

blueprint for fish growth from embryo to adult. We quantified eleven heat-shock proteins
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(HSPs) in both sexes and several proteins impacted by endocrine disruptors, indicating the
otolith’s capacity to reflect environmental stress, potentially linked to climate change
effects and altering of hormonal and neuroendocrine functions. Our bioinformatic ontology
analysis confirmed the presence of proteins critical for various biological processes,
including structural and enzymatic proteins. Protein—protein interaction (PPI) mapping also
identified key interactions between the identified proteins. These findings significantly
advance our understanding of otolith proteomics, offering a solid foundation for future
work. Most of the identified proteins deposited daily and influenced by the environment
were not implicated in the biomineralization of otolith, raising the potential for the otolith

proteome to recreate details of fish life history at previously unrealized levels.

3.2. Introduction

Atlantic cod (Gadus morhua) fishing is a significant economic resource in Canada,
impacted by both overfishing and climate change [1-3]. The cod’s inner ear plays a crucial
role in its balance and auditory functions. It consists of three semicircular canals that detect
head movements and are essential for orientation; these canals are filled with endolymph
fluid and contain a crista, which is a sensor for rotational and angular motions.
Additionally, the inner ear includes three otolithic organs, the saccule, lagena, and utricle,
each containing a unique otolith or ear stone (sagitta, lapillus, and asteriscus) vital for
auditory and equilibrium processes [4-6].

Otoliths are composed of calcium carbonate (CaCOs3) embedded with organic

molecules such as complex polysaccharides and proteins, and are metabolically inert. They
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grow continuously through the daily accretion of concentric layers of the otolith matrix [7-
9]. Otoliths are important tools in fisheries research, offering a window into the life history
and ecological dynamics of fish species. Their multifaceted study includes macroscopic
analyses, from shape and size, to microscopic examinations, such as growth increments
and inorganic chemical composition, reflecting the fish’s environment and behaviours [10].
The analysis of the otolith composition can reveal the existence of common environmental
factors that influence fish growth, help uncover past climate conditions, and predict future
environmental impacts on marine ecosystems [11, 12]. Fish growth is a complex biological
process influenced by a combination of intrinsic and extrinsic factors. The intrinsic, such
as ontogeny and sex, and extrinsic, such as abiotic conditions of the environment or intra-
specific interactions, may complicate inferences about climatic impact [11].

A notable study created a century-long growth biochronology (1908-2014) for
Atlantic Cod growth in Icelandic waters from otoliths, and demonstrated that temperature
variations significantly influenced growth, with younger fish benefiting from warmer
temperatures while older fish experienced negative growth effects under similar conditions
[11].

The sagitta, the largest otolith, has garnered significant attention in research due to
its size and detailed information about the fish’s age and growth patterns. Larger otoliths
provide clearer and more distinct growth rings, offering accurate inter-specific
morphological diversity [13, 14].

Daily growth layers of otolith structures, formed by the gradual accumulation of

new material, vary in thickness and composition depending on environmental conditions,
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some associated with proteins and some with the CaCO; component. This continuous
addition from hatching to death provides a valuable record of various aspects of fish life
history, and serves as a potential environmental record [15, 16]. Proteins constitute a small
portion of the otolith, estimated at around 2-3% [17, 18]. As most of these proteins are
unlikely to be directly involved in biomineralization, it suggests that a diversity of proteins
present in the endolymph are trapped in the otolith during increment formation [17]. This
raises the intriguing possibility that the otolith is not only archiving elemental markers of
environmental history, but also protein markers of development and physiological change
over an individual’s lifetime [17, 19]. Previous research has highlighted the significant
roles of fifteen identified proteins in otolith formation and maintenance within vertebrates,
focusing on three main groups: otolith matrix proteins, otolith anchoring proteins, and
otolith regulatory proteins [15, 20, 21]. However, the comprehensive understanding of the
otolith’s whole protein composition has not yet been investigated.

The advancement in proteomics has been propelled by innovations in protein
separation, mass spectrometry (MS) establishing the identification and analytical
composition, and data analysis through bioinformatics. MS is central to extensive protein
studies. The “bottom-up” approach dissects proteins into peptides via proteolysis for
analysis, termed “shotgun proteomics”, when applied to protein mixtures. This method
assesses proteins indirectly by analyzing peptides from proteolytic digestion. In shotgun
proteomics, peptides are fractionated, analyzed via LC-ESI-MS/MS, and identified by
matching the characterized peptide sequences with the mass spectra against predicted

spectra from a protein database [22-27].
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We have recently demonstrated the feasibility of employing a shotgun proteomics
approach to study the proteome of Atlantic Cod otolith key structures located in the fish’s
inner ears [17]. The data suggested that the otolith proteins could be used to discover the
whole fish protein profile ranging from embryo to adult. We have shown that most of these
proteins were not implicated in the biomineralization of otoliths, raising the potential for
the otolith proteome to help recreate details of fish life history at previously unrealized
levels [17]. This initial qualitative investigation of otolith proteins allowed the
identification of two primary functional categories, significantly broadening our
comprehension of their roles beyond mere biomineralization. The first category involved
proteins integral to biochemical processes, primarily in synthesizing and degrading
proteins. The second category included proteins that were instrumental in physiological
processes. This data significantly broadened our understanding of the roles of otolith
proteins beyond mere biomineralization. These recently identified proteins appear to have
a significant influence on essential life processes, including but not limited to growth,
development, metabolism, and the reproductive system within the otolith framework.

In this work, we present our current efforts to quantify the proteins of the cod otolith
proteome from ten fish quantitatively, aiming to address the following objectives: (A)
determine the quantity of either different, similar, or absent proteins present in the make-
up of the otoliths obtained from both sexes, (B) establishment of the presence of indicators
of heat stress present in the otoliths of both sexes, as a possible indicators of global warming

of the Atlantic Ocean, and (C) establishment of the presence of endocrine disruptor protein
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bioindicators that can indicate the alternation of the hormonal and neuroendocrine fish

functions.

3.3. Materials and Methods

3.3.1. Otoliths

The archived otolith collection at the Northwest Atlantic Fisheries Centre (St.
John’s, NL, Canada) contains thousands of Atlantic cod otoliths collected over several
decades. The methods used to collect otoliths can vary slightly with the individual
technician, but in general, otoliths were exposed via a dorsal incision in the fish’s skull and
were removed using forceps. Otoliths were blotted dry with paper towels and stored in
small paper envelopes. For this study, we selected ten otoliths (five males and five females)
collected in 2019 from the northeast coast of Newfoundland, Canada. Otoliths were washed
several times with deionized water before protein extraction, as previously described [17].
These otoliths are different from those used in the previous study (Tables A2-1, Appendix:
Supplementary Materials Excel sheet A2) [17]. Finally, each individual otolith was

ground in a mortar using a pestle and then added to a fine powder.

3.3.2. Chemicals and Standards

All standards, samples, and buffers were prepared using ultra-pure Milli-Q H>O
(18.2 MQ-cm, Merck Millipore, Darmstadt, Germany). All chemicals were purchased from
Sigma Aldrich (Castle Hill, NSW, Australia) and were of the highest available purity. Mass

spectrometric grade trypsin was obtained from Promega (Madison, WI, USA). MS-grade
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solvents for chromatography were obtained from Canadian Life Science (Peterborough,

ON, Canada).

3.3.3. Otolith Protein Extraction

The sagitta otoliths were washed, cleaned, and dried as previously described [17].
Full powdered otoliths (2 mg) were suspended in 20% w/v trichloroacetic acid (TCA) (10
mL) and incubated overnight at room temperature. Samples were then centrifuged at
10,000% g for 10 min, and the supernatant was discarded. The crystals were washed with
100 pL of ice-cold acetone and recentrifuged. The supernatant and any remaining
undissolved otolith were discarded, and the vacuum-dried pellet was processed for in-
solution digestion. Briefly, 0.1 mg of the pellet was resuspended in denaturing buffer
containing 8 M urea and 0.4 M ammonium bicarbonate (NH4HCO3). Then, 10 pL of 0.5
M dithiothreitol (DTT) was added and incubated for 30 min at 60 °C. After cooling for 5
min at room temperature, 20 pL of 0.7 M iodoacetamide (IAcNH:) was added and
incubated for 30 min. Next, the sample was diluted with 1.2 mL of H>O followed by 10 pL
of 0.1 M CaCl. For enzymatic digestion, 100 pL of 0.02 pg/uL trypsin (Promega Trypsin
Gold, Mass Spectrometry Grade, Promega) prepared in 50 mM NH4sHCO3; was added to
each sample. The samples were incubated overnight at 37 °C in a shaker. The trypsin
activity was inhibited by adding 1 pL of trifluoroacetic acid (TFA), and the samples were
acidified to a pH below 3 with formic acid.

The samples were then desalted using Oasis HLB 3cc Extraction Cartridges

(Waters, MA, USA) connected to a SuperlcoVisiprep DL manifold (Sigma-Aldrich,
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Darmstadt, Germany). The column was conditioned using 0.5 mL methanol followed by 1
mL of an elution buffer containing 50% ACN and 0.1% TFA, and then with 2 mL wash
buffer prepared with 0.1% TFA. After loading the sample, the column was washed with 5
mL of wash buffer and eluted twice with 0.5 mL of 50% acetonitrile-0.1% TFA and once
with 0.5 mL of 80% ACN-0.1% TFA. The eluant was dried using a vacuum concentrator
(SpeedVac Concentrator, Thermo Electron Corp., Waltham, MA, USA). The dried peptide
was reconstituted in 12 pL of resuspension buffer containing 5% acetonitrile and 0.1%

formic acid.

3.3.4. Shotgun Proteomics by LC-ESI-MS/MS

The LC separation was carried out using the Ultimate 3000RSLCnano system
(Dionex/Thermo Fisher Scientific, Waltham, MA, USA). For analysis, 2 pL (1 mg/mL) of
the sample was injected onto an in-house packed capillary column (50 cm x 75 pm, pulled
tip, ESI source solutions) packed with Jupiter C18 4 pum chromatographic media
(Phenomenex, Torrance, CA, USA) at a flow rate of 300 nL/min. Chromatographic
separation was performed by a 120 min method using solvent A (0.1% formic acid in MS-
grade water) and solvent B (0.1% formic acid in MS-grade acetonitrile) from 5% to 30%
for 90 min, then increasing to 55% for the next 12 min, and then to 95% for 8 min before
being reduced to 5% B for the remainder of the 120 min run. The column oven temperature
was set at 40 °C.

The ESI-MS and MS/MS spectra were obtained using an Orbitrap Fusion Lumos

Tribrid Mass Spectrometer (ThermoScientific, Waltham, MA, USA) fitted with a
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Nanospray Flex lon source and a FAIMSpro source. The detailed acquisition parameters
for mass spectrometry analysis were as follows: For ionization, the spray voltage was 1.8
kV, and the ion transfer tube temperature was 300 °C. The data were acquired in data-
dependent acquisition (DDA) mode with a full scan using Orbitrap at a resolution of
120,000 over a mass range of 400-2000 m/z. The FAIMS source was operated at three
different compensation voltages (CV = 40, 60 and 80). The auto gain control (AGC) was
set in standard mode, and maximum injection time at Auto mode for each MS/MS,
acquisition of peaks with intensities above 5.0 €* were performed using normalized HCD
collision energy of 35%. The cycle time was set at 1 s. The isolation window for MS/MS
was set at 1.6 Da. The AGC target was set at standard mode with the maximum injection
time mode as Auto. The precursor ions with positive charges 2 to 5 were selected for
MS/MS analysis. After every single MS/MS acquisition, the dynamic exclusion time was
set at 60 s with a mass tolerance of £10 ppm.

The MS/MS raw files were acquired using Thermo Scientific Xcalibur 4.5 and Tune
3.5 (Waltham, MA, USA) and searched against the Gadus morhua protein database (Taxon
ID 8049) downloaded from Uniprot using Proteome Discoverer 2.5 (ThermoFisher,
Waltham, MA, USA). The SequestHT search engine node was used for peptide and protein
identification. Two missed cleavages for trypsin digestion were allowed with a 10 ppm
precursor mass tolerance and fragment mass tolerance of 0.6 Da. Oxidation of methionine
and N-terminal acetylation were set as dynamic modification, and carbamidomethyl

cysteine was selected as a static modification.
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3.3.5. Quantitative Analysis

This study was done using label-free proteomics quantification. The peptides are
identified and searched against the Gadus morhua protein database (Taxon ID 8049) and
searched for the MS/MS acquired during the DDA acquisition. The peptide quantification
was performed by integrating the area under the curve of the MS! of the identified peptides
using Proteome Discoverer 2.5 (ThermoFisher, Waltham, MA, USA). This was followed
by populating the total area of all the identified peptides within a protein to derive protein
abundances. The ratio of these abundances is then used to compare the different samples.
This approach allows for relative quantitative analysis, comparing protein levels across
samples (0.1 mg/mL), with careful standardization ensuring comparability despite not
measuring absolute protein quantities. As a control, we used trypsin-digested bovine serum
albumin (BSA) under the same experimental conditions.

To ensure precise comparisons in label-free proteomics quantification, this study

implemented consistent protocols across all procedures, from sample prep to analysis.

3.3.5.1. Quantitative Expressed Protein Intensities Accuracy

The variance stabilization normalization (VSN) is a transformation technique
employed in mass spectrometry data analysis to maintain consistent variance across the
intensity spectrum [28]. VSN serves the dual purpose of background noise subtraction and
data normalization, facilitating a clear relationship between MS peak intensity and
variance. Consequently, this enhances the accuracy of the analytical results by stabilizing

variance. The missing value imputes were performed by replacing missing values with
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random values picked in the 5% lower end of the normal distribution of intensities. VSN
was performed using Proteome Discoverer 2.5 (ThermoFisher, Waltham, MA, USA).

Additionally, a p-value < 0.05 was considered significant.

3.3.6. Statistical Analysis

The quantitative evaluation of the total number of protein expression differences
between male and female groups was conducted using two-sample t-tests and then the
calculation of 95% confidence intervals (Cls). The statistical analyses were carried out
using various R software packages. These included tidyr [29], magrittr [30], plyr [31], dplyr
[32], and ggplot2 [33], facilitating the creation of comparison tables to present the findings.
Further normalization analysis, generation of heat maps, and creation of volcano plots
(abundance ratio Adjusted p-Value: (Female)/(Male) by Benjamini-Hochberg procedure)
were performed using Proteome Discoverer 2.5 (ThermoFsher, Waltham, MA, USA). A p-

value < 0.05 was considered significant.

3.3.7. Bioinformatics Analyses

Gene ontology (GO) functional analyses for the extracted otolith proteins from
Atlantic cod (Gadus morhua) were performed using the ClueGO plugin (version 2.5.9)
within Cytoscape software (version 3.9.1). Due to the absence of cod organisms in the
ClueGO plugin program, Atlantic salmon (Salmo Salar) was used for analysis to obtain the
conserved functional analysis with Atlantic cod (Gadus morhua). Biological functions,

cellular components, immune system processes, molecular functions, and KEGG provide
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specific gene annotations with their corresponding functions within identified biological
pathways. Finally, the STRING database was used to visualize the PPI within Atlantic cod
(Gadus morhua) (https://string-

db.org/cgi/network?taskld=bybNmeXaeGFU&sessionld=boleulT8ShMV6, accessed on 14

May 2024). To identify the top 20 proteins based on their degree of connectivity, the

cytoHubba plugin was used.

3.4. Results and Discussion

The main purpose of this work was to provide a comprehensive analysis of the
whole protein content of ten otoliths. As mentioned, we have formerly conducted a
qualitative analysis of twelve otoliths [17], which helped us understand the composition of
otolith proteins. We compared the total number of proteins identified in the previous study
to those in the current study. We found differences in the total numbers; we speculate that
this discrepancy is due to the ages of the samples or life histories. The previous study
analyzed samples that were approximately 12 years old, while our current study includes
samples ranging from 8 to 11 years old (Figure 3-1). However, the eleven HSPs were

identified in both studies.
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Figure 3-1. Comparison of the total number of otolith proteins between the current study and the
previous one. This plot was generated by molbiotools online tools.

In the current research, we presented the quantitative results of the proteins
identified in our previous qualitative study [17]. We focused on ten samples obtained from
five males and five females collected in 2019 (Tables A2-1, Appendix: Supplementary
Materials Excel sheet A2), and we report interesting novel protein biomarkers obtained
during this global quantitative analysis of either different, similar, or absent proteins in the
make-up of the otoliths obtained from either sex. We highlight that the presence and
variation of HSPs in marine organisms could potentially help predict how global climate
change might impact species’ metabolic costs [34]. Accordingly, in this manuscript, we
suggest that the presence of HSPs in the otoliths of both sexes can be used as an indicator
of global warming of the Atlantic Ocean. Furthermore, we quantified the proteins that
could potentially be influenced by endocrine disruptors that can indicate alterations in the
hormonal and neuroendocrine function of fish.

Analysis of our dataset revealed a range in the number of proteins per individual,

varying from 1341 to 1839. Utilizing a two-sample t-test to compare the mean number of
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proteins between males and females, we found that there was no significant difference in
the total number of proteins (Figure 3-2). This finding is supported by the 95% confidence

intervals for females (1366.121, 1805.479) and for males (1327.221, 1700.779).
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Figure 3-2. The total number of otolith proteins is similar between the sexes. This plot shows the
distribution of protein counts for males and females. Despite apparent differences in medians and
variability, a two-sample t-test determined that there is no statistically significant difference in the
mean protein counts between sexes (p-value > 0.05). This plot was generated by R Studio using the
package ggplot2 retrieved from [33].

In the following, we will describe the intensities of the protein blueprint of Atlantic
cod otoliths that will reveal the different biological processes. It is out of the realm of
possibility to discuss all of the quantified proteins in this rationale. For this reason, we shall

deliberate about a few selected protein models that represent physiological, ontogenetic,

evolutionary, and environmental processes.
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3.4.1. Protein Expression Between Sexes

In our study employing ESI-MS/MS with DDA, we conducted a comprehensive
proteomic analysis across ten individuals (Tables A2-2, Appendix: Supplementary
Materials Excel sheet A2). We identified significantly upregulated and downregulated
proteins in females compared to males with an abundance ratio (Female/Male) range of
0.000911165-401.7070581 through the volcano plot visualization (Figure 3-3 and Tables

A2-3, Appendix: Supplementary Materials Excel sheet A2).

-Log,o(P-value)

P-value = 0.05

Log,(Female/male)

Figure 3-3. Protein expression is different between the sexes. Each dot expresses a specific protein.
Proteins that appear in red are significantly upregulated in female samples, whereas those in green
are significantly upregulated in male sexes at p-value < 0.05. This plot was generated by Proteome
Discoverer 2.5.

Proteins with high abundance ratios (fold change > 2) and low adjusted p-values <

0.05 were considered significantly more abundant in females than males. A subset of these
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proteins exhibiting sex-specific expression differences (differentially expressed proteins
between sexes), as visualized in the heatmap (Figure 3-4), which may have crucial roles

in fish’s physiological and reproductive processes.
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Figure 3-4. The differentially expressed proteins between sexes. The heatmap highlights proteins
that showed the highest abundance between sexes with p-values < 0.05. This visualization allows
us to observe intensities of protein expression, with a colour gradient from blue lower expression
to red representing higher expression levels. Each row corresponds to a protein, and each column
to a sample, allowing us to compare the expression across our samples generated by Proteome
Discoverer 2.5 software.

3.4.1.1. Otolith Proteins with Substantial Female-Biased Expression

Among the proteins with substantial female-biased expression in otoliths, zona
pellucida sperm-binding protein 4-like was notable for its high log2 intensity, as visualized
in the heatmap (Figure 3-4) that showed > 2-fold change in abundance between sexes with

p-values < 0.05. There is evidence that this protein, which is essential in forming the egg
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membrane and sperm-egg recognition, represents a key component of female fertilization
[35]. In addition, the high presence of catenin (cadherin-associated protein), alpha 1, which
is responsible for the conserved, calcium-dependent module crucial for cell—cell adhesion.
Furthermore, it also plays a vital role in normal developmental processes and in
maintaining tissue structure [36], which is likely related to its essential functions in
reproductive processes.

Myosin heavy chain a is a key contractile protein of the muscular system, and its
expression is often a reliable indicator of muscle development and growth. In Atlantic
salmon, as in many other species, the mRNA expression levels of myosin heavy chain
correlate with the muscle’s ability to grow and accrue protein rather than just increase in
size [37]. It is expressed with a higher intensity in female otoliths, possibly indicating
differences in muscle physiology or energy demands between the sexes (Figure 3-4).
Tropomyosin alpha-1 chain-like is thought to be the master regulator of actin filament
functions in the cytoskeleton. Coagulation factor XIII A chain-like protein (Figure 3-4) is
important for blood coagulation and wound healing [38]. The vitellogenin-2-like proteins,
a female marker, are phospho-glyco-lipoproteins synthesized in the livers of oviparous
animals in response to circulating estrogens [17, 39]. Serine/threonine-protein phosphatase
is one of the key enzymes responsible for dephosphorylation in vertebrates involved in
various cellular processes, including the cell cycle and signal transduction [40]. It also
displayed varying expression levels, indicating potential differences in cell regulation. The

expression of the XPG N-terminal domain-containing protein is a critical part of the XPG
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protein involved in DNA repair [41]. All these proteins display differential expression to

support the unique physiological demands of females.

3.4.1.2. Otolith Proteins with Substantial Male-Biased Expression.

Among the proteins with substantial male-biased expression, we identified
protocadherin and protein-tyrosine-phosphatase (Figure 3-4). Protocadherins are cell
adhesion molecules that belong to the cadherin superfamily and are expressed most
prominently within the central nervous system, which suggests important neurobiological
roles for these molecules [42]. A recent study suggested that genetic factors like
protocadherins, which are expressed more in male cell lines, play a crucial role in the
molecular basis of sex differences in the nervous system [43]. Protein-tyrosine-phosphatase
is an enzyme that functions in a coordinated manner with protein tyrosine kinases to control
signalling pathways that underlie a broad spectrum of fundamental physiological processes
[44].

The Pleckstrin homology domain-containing protein, which is part of signal
transduction in cells, exhibited a significant difference in expression, pointing to potential
variances in cellular communication processes between sexes [45]. Tubulin
polymerization-promoting protein family member 3 is an intrinsically unstructured protein
that induces tubulin polymerization [46]. It has a role in microtubule stabilization, cell
division, and developmental processes [47]. Microtubule-associated protein 1Ab,
comprising distantly related protein complexes with heavy and light chains, is believed to

be involved in the regulation of the neuronal cytoskeleton [48]. Pleckstrin homology
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domain-containing family H (with MyTH4 Domain) member 2 is involved in crucial
interactions with membranes and proteins, characterized by pleckstrin homology (PH) and
MyTH4 domains crucial for cellular signalling. These domains aid in organizing the
cytoskeleton, affecting cell shape, movement, and interactions between cell membranes
and the cytoskeleton across various cellular activities [45]. These proteins’ high expression

reflects their importance in supporting the cellular processes specific to male Atlantic cod.

3.4.2. Quantitative Analysis of the Total Protein Profile

The comprehensive proteomic analysis across several individuals (Tables A2-2,
Appendix: Supplementary Materials Excel sheet A2) yielded 802 proteins consistently
found across all individuals (Tables A2-4, Appendix: Supplementary Materials Excel
sheet A2), 202 highly abundant that were more than 2-fold increased in females (Tables
A2-5, Appendix: Supplementary Materials Excel sheet A2), and 90 proteins highly
abundant that were more than 2-fold increased in males (Tables A2-6, Appendix:
Supplementary Materials Excel sheet A2), Furthermore, we also identified 81 proteins
common only to males (Tables A2-7, Appendix: Supplementary Materials Excel sheet
A2), and 196 common only to females (Tables A2-8, Appendix: Supplementary
Materials Excel sheet A2), with 92 proteins exclusive to one individual, defined by sex
(Tables A2-9, Appendix: Supplementary Materials Excel sheet A2), which need
further investigation, including genetic analysis, to understand the underlying reasons
behind their expression. Therefore, we highlighted five proteins present within all males

that were unique to males with high abundance (Tables 3-1), and nine proteins unique to
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females with high abundance (Tables 3-2). Lastly, our shotgun analysis also uncovered

214 uncharacterized proteins (Tables A2-10, Appendix: Supplementary Materials excel

sheet A2).

Table 3-1. Five proteins that are unique in males.

Description

Charged multivesicular body protein 2Ba
0S=Gadus morhua OX=8049 GN=chmp2ba PE=3
Sv=1
DNA damage-binding protein 1 OS=Gadus morhua
0X=8049 GN=ddb1 PE=3 SV=1
Fibroblast growth factor OS=Gadus morhua
0X=8049 PE=3 SV=1
Microtubule-associated protein 1Ab OS=Gadus
morhua OX=8049 GN=maplab PE=4 SV=1
Uncharacterized protein OS=Gadus morhua
0X=8049 PE=3 SV=1

* Female count: the count of females associated with each protein entry.

Accession

AO0A8C4YUD
6

AO0A8C5A9Z6

AOA8CA4ZEA
7
AQA8C5CU2
9
AOA8C5FA14

Female
Count *
0

0

0

® Male count: the count of males associated with each protein entry.
¢ Abundances (Average): Quantitative protein abundance measurements were averaged for all-female

groups.

Table 3-2. Nine proteins that are unique in females

Description

Dihydrolipoamide acetyltransferase component of
pyruvate dehydrogenase complex OS=Gadus morhua
0X=8049 GN=dbt PE=3 SV=1
Galectin OS=Gadus morhua OX=8049
GN=LOC115545324 PE=4 SV=1
Heterogeneous nuclear ribonucleoprotein A/Ba
OS=Gadus morhua OX=8049 GN=hnrnpaba PE=4
Sv=1
Myosin light chain, phosphorylatable, fast skeletal
muscle a OS=Gadus morhua OX=8049 GN=mylpfa
PE=4 SV=1
Nidogen 2a (osteonidogen) OS=Gadus morhua
0X=8049 PE=4 SV=1
Polypeptide N-acetylgalactosaminyltransferase
OS=Gadus morhua OX=8049 GN=galnt6 PE=3
Sv=1
SRSF protein kinase 2 OS=Gadus morhua OX=8049
GN=srpk2 PE=4 SV=1
Uncharacterized protein OS=Gadus morhua
0X=8049 PE=4 SV=1

Accession

AQAS8CS5C1
K4

AOQASCSAC
18
AQABC4YV
YO0

AOA8C5BS
E2

A0A8C5D3
YO
AO0A8C5BP6
0

AOQASC5CE
S3
AQA8C5CC
X7

172

Female
count ?
5

Male
Count”

Male
count ”

Abundances
(Average): Male ¢
261448.36432
98004.482948
24,497.65508

3458736.85

778547.8001

Abundances
(Average): Female ¢
108232.639474

489,972.337868

1301640.954998

495851.125408

1349773.1182679997

42,686.3808994

20084.879869999997

211,271.979502



Vinculin OS=Gadus morhua OX=8049 PE=3 SV=1 | A0A8C5A43 5 0 411,121.875006
0

? Female count: the count of females associated with each protein entry.

® Male count: the count of males associated with each protein entry.

¢ Abundances (Average): Quantitative protein abundance measurements were averaged for all-male
groups.

3.4.2.1. Identified Otolith Protein Profile Common in Both Sexes

Some common abundant protein families were quantified in both sexes. In this
study, among the proteins recognized, actins, were ubiquitous between sexes. a-actins are
found in muscle tissues and are a significant constituent of the contractile apparatus.
Developmental stage-specific muscle protein isoforms have also been reported for several
fish species during the development [49-51]. Sixteen proteins related to the actin family
were detected in this study (Tables A2-11, Appendix: Supplementary Materials Excel
sheet A2).

In addition, we quantified tropomyosins, which are actin-binding proteins that play
a crucial role in regulating the actin cytoskeleton and muscle contraction [49, 52]. Six
proteins (tropomyosin 1 (alpha), tropomyosin alpha-3 chain-like, tropomyosin 4a,
tropomyosin alpha-1 chain-like, tropomyosin 3, tropomyosin 2 (beta)) were detected in this
study (Tables A2-12, Appendix: Supplementary Materials excel sheet A2).

We also detected that the tubulin proteins, which are the principal component of
microtubules, are a heterodimer of two closely related proteins, a- and B-tubulin [49, 53].
a- and B-tubulin were detected in this study (Tables A2-13, Appendix: Supplementary

Materials Excel sheet A2) .

173



Similarly, we detected that the tyrosine 3-monooxygenase/tryptophan activation
protein B-polypeptide belongs to the 14-3-3 family and plays a critical role in signal
transduction by attaching to proteins containing phosphoserine. These are involved in
different cellular processes, including cell cycle progression, survival pathways, and
metabolic regulation [49, 54, 55]. Three proteins (tyrosine 3-monooxygenase/tryptophan
5-monooxygenase  activation  protein, beta  polypeptide a, tyrosine = 3-
monooxygenase/tryptophan 5-monooxygenase activation protein, eta polypeptide, and
Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, theta
polypeptide b) were detected in this study (Tables A2-14, Appendix: Supplementary
Materials Excel sheet A2).

The keratin proteins were consistently present across all individuals. Keratin
proteins are ubiquitous and varied in their types between different age groups. Specifically,
type II keratins were predominantly observed in the younger group, whereas type I keratins
were more prevalent in the older group [49, 56-58]. Both types were detected in our data

(Tables A2-15, Appendix: Supplementary Materials Excel sheet A2).

3.4.2.2. Otolith Heat Shock Proteins

HSPs are expressed in response to various types of stress. This includes thermal,
anoxia, acidosis, hypoxia, exposure to toxins, intense protein breakdown, and microbial
infections [59, 60]. They are classified into five families based on molecular weight as well
as domain structures and functions: Hsp110, Hsp90, Hsp70, Hsp60, Hsp40, Hsp10, and

small HSP families [60, 61]. We identified and quantified eleven proteins belonging to the
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Hsp90, Hsp70, Hsp60, and Hsp40 families, as shown in the heatmap (Figure 3-5) listed in

(Tables A2-16, Appendix: Supplementary Materials Excel sheet A2).
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Heat shock protein 9

Heat shock protein 90, alpha (cytosolic),
class A member 1, tandem duplicate 2

Heat shock protein beta-1
DnaJ (Hsp40) homolog, subfamily C, member 6
DnadJ heat shock protein family (Hsp40) member A2a

DnaJ heat shock protein family (Hsp40) member B11

DnadJ heat shock protein family (Hsp40) member B6b

60 kDa heat shock protein, mitochondrial

Figure 3-5. The expression of heat shock proteins within all individuals. Each column represents a
sample, and each row corresponds to a specific protein, allowing us to compare the expressed
protein absorbance across our samples. This figure was created by Proteome Discoverer 2.5

software.

Hsp90 can suppress thermal aggregation and facilitate protein folding by reducing
misfolding via interactions with aggregation-prone unfolding intermediates [60, 62-64].

Hsp70 assists in folding newly synthesized polypeptides, refolding of misfolded proteins,
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protein transport across organelles, and degradation of proteins. This protein is essential
for maintaining cellular protein homeostasis, especially under stress conditions [65, 66].
HSP60 proteins play a critical role in regulating mitochondrial protein homeostasis. HSP60
has been primarily considered to reside in the mitochondria, where HSP60 and HSP10 form
a complex and facilitate mitochondrial protein folding. Studies on channel catfish have
shown that HSP60 is implicated in the immune response to bacterial infections, suggesting
it may be crucial for disease defense in fish [60, 67]. Hsp40 proteins specifically interact
with Hsp70, regulating its activity by stimulating ATP hydrolysis, which is essential for
the chaperone’s function in binding and releasing unfolded or misfolded protein substrates.
This interaction is vital for maintaining cellular protein homeostasis, particularly under
stress conditions that lead to protein damage [68].

As a result, HSPs are very crucial in maintaining cellular protein homeostasis
through their chaperone functions. The presence of HSPs in both male and female fish
reflects their fundamental role in cellular processes that are essential for the survival of all
organisms, regardless of sex. These proteins are part of the cell’s response to stress,
assisting in protein folding, repair, and protection against damage caused by various
stressors. Consequently, they play a crucial role in protecting the cod from the harmful
effects of stress. [69-76]. Therefore, we predict that the presence of the eleven detected

HSP chaperone proteins in our otolith samples could indicate climate change impacts.
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3.4.2.3. Identification of Otolith Protein Bioindicators of Endocrine Disruptors

As mentioned in Section 3.4.1, a notable finding is the presence of vitellogenin-2-
like protein, which directs egg development, showing a marked increase in abundance
(193.2) in all female quantitative measurements [39]. However, its presence, albeit in lower
abundance in males (38.1), indicates potential exposure to exogenous estrogens or estrogen
mimics in aquatic environments [77-80]. This has been confirmed by previous studies of
vitellogenin-2-like plasma levels in male vertebrates exposed to certain xenobiotic
endocrine disruptors with estrogen-mimicking activity [81-84].

The zona pellucida sperm binding protein, which shows a focal role in the oocyte
and gamete development, is the main predictor of fertilization capacity. Although the zona
pellucida sperm binding protein-specific marker is present in higher abundance in females
(192.4), it was also detected in males in low abundance (7.6) [79, 80]. We speculate that
the presence of vitellogenin-2-like protein and the zona pellucida sperm-binding protein in

males is due to exposure to endocrine disruptors.

3.4.3. Bioinformatics Analyses:
3.4.3.1. Gene Ontology (GO):

Next, we analyzed the proteins in both males and females based on annotated
functions. Out of 1416 gene symbols, 328 genes had associated annotations from both
sexes. We provide a conclusion chart (Figure 3-6), showing the visualization representing

the number of genes associated with specific terms and functional groups.
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Figure 3-6. A conclusion chart provides a visualization representing the number of genes associated
with specific terms and functional groups. Each bar represents a functional group, and the height
of the bar corresponds to the number of genes related to the terms within that group. The label on
each bar indicates the percentage of genes. * p < 0.05, ** p <0.01.

A large portion of the biological function identified is mRNA transport (38.71%)
(Figure 3-7 A) , [85]. The next most common biological process is the purine nucleoside

monophosphate biosynthetic process (25.81%) [86].
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peptide transporter activity 25.0% *
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——— Glutathione metabolism 12.5% **

Lysosome 12.5% ** —— “*‘f-— Other glycan degradation 12.5% **

Proteasome 12.5% ** ——— ~—— Ribosome 12.5% **

Figure 3-7. The distribution of identified genes across various functional groups. (A) This pie chart
represents the distribution of genes across biological processes. (B) This pie chart represents the
distribution of genes associated with specific cellular components. (C) This pie chart represents the
distribution of identified genes across molecular functions. (D) This pie chart represents the
distribution of identified genes categorized by their molecular functions, according to Kyoto
Encyclopedia of Genes and Genomes (KEGG). The sizes of the slices are proportional to the
number of genes involved in each process. Significant level of enrichment ** p < 0.0land * p <
0.05. This figure was created by Cytoscape software.

A large portion of the cellular components (Figure 3-7 B) is composed of genes
that encode proteins associated with the proteasome complex (62.5%) [87] . Genes

associated with the ribosomal subunits (12.5%) are critical for protein translation [88]. The
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smallest slice shown represents genes linked to intracellular ribonucleoprotein complexes
(2.5%), which are involved in gene transcription [89].

A significant portion of the molecular functions of the proteins (Figure 3-7 C) are
associated with threonine-type endopeptidases (25.0%). Enzymes are vital in breaking
down proteins by cutting internal peptide bonds in polypeptide chains. Another quarter of
the genes is involved in the transport of peptides across cellular membranes.
Oxidoreductase activity, acting on NAD(P)H (12.5%) and oxidoreductase activity, acting
on a sulphur group of donors (12.5%); each category accounts for an equal proportion of
the genes and indicates a significant role for oxidoreductase enzymes. Flavin adenine
dinucleotide (FAD) binding (12.5%), this group of genes is associated with binding FAD,
a cofactor involved in key metabolites for the maintenance of life and is involved in a wide
range of physiological processes [90]. Cell adhesion molecule binding comprises 12.5%.

A significant proportion of proteins is involved in the catabolism of branched-chain
amino acids (valine, leucine, and isoleucine) (25.0%) (Figure 3-7 D), which not only act
as building blocks for tissue protein (accounting for 35% of the essential amino acids in
muscle), but also have other metabolic functions [91]. Lysosomes (12.5%), genes
associated with lysosomal function, suggest involvement in degrading and recycling
cellular waste, cellular signalling, and energy metabolism [92, 93]. Proteasome (12.5%)
indicates a notable representation of genes involved in the proteasome pathway, which is
critical for the cell cycle, cell survival, and cellular homeostasis [94]. Pentose phosphate
pathway (12.5%), a significant number of genes are involved in this pathway, which is

crucial for nucleotide synthesis and the generation of NADPH for reductive biosynthesis
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[95]. Glutathione metabolism (12.5%) reflects genes involved in the synthesis and
metabolism of glutathione, a major antioxidant that is critical in the regulation of the redox
state of cells [96]. Glycan degradation (12.5%) genes are associated with the degradation
of various glycans, complex carbohydrates that play major metabolic, structural, and
physical roles in biological systems [97]. The ribosome comprises 2.5%, and a portion of
the genes is related to the ribosome, indicating the importance of protein synthesis

machinery in the cell [98].

3.4.3.2. Protein-Protein Interaction (PPI) Analysis

Our research used the STRING database to construct a comprehensive map of the
PPI of the common otolith proteins within the Gadus morhua, listed in (Tables A2-17,
Appendix: Supplementary Materials Excel sheet A2). This network elucidates potential
key proteins in Atlantic cod biological processes and predicted PPIs, substantiated by
evidence such as genetic co-occurrence and experimental validations [99]. Due to the
complexity of our dataset, this study will focus on the top 20 proteins with the highest
score, suggesting robust evidence from multiple sources, including experimental data and
literature support [100] (Figure 3-8).

Key proteins identified include structural proteins such as actin and alpha cardiac
and enzymatic proteins like citrate synthase and glyceraldehyde-3-phosphate
dehydrogenase (Tables A2-18, Appendix: Supplementary Materials Excel sheet A2).
The category of ribosomal proteins includes ribosomal protein S14 and ribosomal protein

L4. Additionally, signalling proteins like RAN binding protein 2 (RANBP2), and heat
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shock proteins like Heat shock protein 9. Lastly, proteins such as the eukaryotic translation

elongation factor 2 are involved in the translation process.
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Figure 3-8. String network visualization of top 20 high-degree proteins in the otolith protein
interaction map of Gadus morhua. This figure was created by Cytoscape software.

Focusing on the PPI network of the top 20 high-degree proteins reveals several key
insights into cellular processes (Figure 3-9 and Tables A2-19, Appendix:
Supplementary Materials Excel sheet A2). Several notable interactions are supported by
strong experimental evidence and co-expression data [101]. For example, the interaction
between ribosomal proteins (L4, L3, S14, L26) and cell division control protein 42
homolog (CDC42) exhibit a high combined score of 1, with a co-expression value of

approximately 0.935 and an experimental validation of approximately 0.987. Ribosomal
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proteins are essential components of the ribosome, playing crucial roles in ribosome
assembly and protein synthesis [102-105]. Meanwhile, CDC42, a small GTPase, plays a
critical role in controlling cell division, polarity, and cytoskeleton organization [106]. This
indicates a significant functional correlation between these proteins in maintaining cellular
integrity, particularly in relation to protein synthesis and cell cycle regulation.

The connection between CDC42 and eukaryotic translation elongation factor 2
(EEF2) is notable, with a combined score of 1, a neighbourhood value of 0.146, a co-
expression value of 0.939, and experimental support of 0.97. These proteins play
complementary roles in cellular regulation and translation [106, 107]. EEF2 is crucial for
the elongation step during translation, ensuring proper protein synthesis and contributing
to overall cellular function [106, 107]. The high experimental and neighbourhood scores
further suggest these proteins are central to the regulation of both cellular translation and
division.

Additionally, the interaction between ATP synthase subunit alpha and citrate
synthase has a combined score of 1, a co-expression value of 0.846, and database-curated
evidence of 0.357. These proteins are pivotal in cellular energy production, with ATP
synthase driving ATP synthesis in mitochondria and citrate synthase catalyzing the first
step of the citric acid cycle [108, 109]. Their interaction highlights the importance of
metabolic coordination in cellular energy homeostasis.

Furthermore, the interaction between RANBP2 and HSP9 shows strong
experimental support, with a combined score of 1. The interaction is characterized by a

neighbourhood score of 0.055, an experimental evidence score of 0.337, and a database
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score of 0.944. This suggests that there is a strong database and experimental evidence
supporting the functional interaction between RANBP2, involved in nuclear transport,
gene expression, chromosome segregation during mitosis, chromatin regulation [110-112],
and HSP9, which plays a key role in protein folding and stress response [113]. This
interaction reflects an integrated cellular response to stress.

Overall, this analysis enriches functional proteomic research in Gadus morhua and
illustrates the potential to chronicle the extensive protein interactions that underpin vital
physiological processes. These high-confidence interactions, reflected by combined scores,
experimental data, co-expression values, and neighbourhood scores, reveal an intricate
regulatory network governing the cellular structure and function of the Gadus morhua,
representing the fish’s biology from the embryonic stage until death. This network
integrates proteins involved in translation, metabolism, structural maintenance, stress
response, and detoxification, each playing a crucial role in the biological processes

essential for the fish's survival and adaptation.
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Figure 3-9. String PPI network visualization of top 20 high-degree proteins in the otolith of Gadus
morhua. This figure was created by Cytoscape software.

3.5. Conclusions and Future Directions

We have shown in this study the presence of five proteins within all males that
represent uniqueness to males and nine proteins unique to females. In addition, 802 proteins
were consistently found across all individuals.

In 2019, the bottom temperatures in NAFO Subarea 3K were significantly above
normal, reflecting the broader impacts of global warming. The fall bottom temperatures in
Subarea 3K were recorded to be between +0.5 °C and +2.5 °C above the long-term average
of around 4 °C, marking a return to warmer anomalies not seen since 2011 [114-116]. This
warming trend is consistent with the global patterns of ocean warming due to climate
change [117]. Temperature variations in aquaculture environments can be substantial and

can approach the upper critical thermal limits of 8-12 °C for Atlantic cod, which are lethal.
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These shifts can occur quickly, such as an ~8 °C increase in less than 12 h during
thermocline inversions, particularly at depths where Atlantic cod tend to gather (=5 m) [69,
70]. Fish are unable to escape temperature fluctuations, inevitably facing stressful
environments completely. This thermal stress profoundly affects gene transcription,
targeting genes linked to oxidative stress response, apoptosis, protein folding, energy
metabolism, synthesis, membrane fluidity, and immune functions [69-76]. The proteins
encoded by these genes include some of the elements that regulate both the organismal and
cellular stress responses. As a result, HSPs play a crucial role in protecting the fish against
the deleterious effects of stress [69-76]. This is why we predict that the eleven HSP
chaperone proteins detected in otolith could be an indicator of climate change (Tables A2-
16, Appendix: Supplementary Materials Excel sheet A2); however, this needs to be
empirically determined.

Recent studies have brought to light significant evidence regarding the stress
conditions in fish, focusing on the impact of endocrine-disrupting chemicals (EDCs),
treated sewage, and other environmental factors [77, 78]. This was discussed in the otolith’s
proteins of egg yolk precursors section. Although the zona pellucida sperm-binding
protein-specific marker is present in higher abundance in females, it was also detected in
males [79, 80]. Likewise, environmental effluence and exposure to EDCs and other
contaminants can be likely factors contributing to these observations [77-80].

Further comprehensive research is needed to elucidate the full range of influences
that are central to the alteration of sex markers in fish, ensuring that we consider all possible

sources of stress, whether they are pollutants or other environmental variables. This
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evidence collectively indicates a significant stress response in fish to environmental
pollutants, warranting further investigation into the mechanisms of action and long-term
consequences of these exposures on aquatic life. It is also vital to conduct further studies
on the PPIs and their functional overlaps, to explore their evolutionary significance.

Finally, this study employs a quantitative shotgun proteomics approach and
bioinformatic analysis to discover the unidentified proteins present in cod otoliths. Our
results show that diverse proteins are stored in otolith that were accumulated, thereby
enabling the discernment of both differences and similarities across protein profiles
between sexes. We speculate that circulating proteins released by various cells in the body
into the endolymph are captured by the otolith. In the future, we will explore the prospect
of monitoring the growth of the fish by investigating the proteins present in each separate
concentric layer of the otolith matrix.

In conclusion, this study suggests a broader applicative potential of otolith
proteomics in marine research. By transcending traditional views of otoliths solely as
chronometers, this study illuminates their capacity to provide invaluable insights into the
proteomic profiles reflective of varying life stages and environmental interactions of cod.
Despite these advances, our understanding of the otolith proteome remains nascent, with
much terrain still to explore. Future endeavours will focus on comparing protein profiles
of otoliths from different NAFO zones, trip, and depths. In the future, we plan to monitor
the growth protein of the fish by investigating the presence of the protein concentric layers
of the otolith matrix to follow the growth of the fish from embryo to adult. Such

comparisons will be expected to substantially enrich our comprehension of the otolith
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proteome, opening new avenues for research and offering profound implications for marine

and environmental science.
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Chapter 4 Structural Diversity in Lipid A of Gram-

Negative Bacteria Aeromonas hydrophila SJ-26

This Chapter is reproduced with permission from Trevena N.Youssef, Abanoub
Mikhael, David R. Goodlett, and Joseph Banoub. This research is currently submitted for

publication in the journal Rapid Commun. Mass Spectrom.

4.1. Abstract

The chemical structure of lipid A, isolated from the lipopolysaccharide of a wild
strain of Aeromonas hydrophila (A. hydrophila SJ-26), was investigated using electrospray
ionization with field asymmetric wave ion mobility-Orbitrap mass spectrometry (ESI-
FAIMS-MS), high energy collision-induced dissociation tandem mass spectrometry
(HCD-MS/MS), and Kendrick mass defect (KMD) plots, revealing significant
heterogeneity in the isolated Lipid A mixture. FAIMS allowed the fractionation of Lipid A
ions into three main types: di-phosphorylated Lipid A (DPLA, Mi.3), mono-phosphorylated
Lipid A (MPLA, M), and Lipid A adducts and/or aggregated dimers. Major precursor
anions of each Lipid A fraction were elucidated by tandem mass spectrometry.
Additionally, heterogeneity in each Lipid A fraction was investigated using KMD plots.
The combination of tandem MS and Kendrick analysis MS enabled the elucidation of the

complex molecular architecture of lipid A of this Aeromonadaceae family.
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4.2. Introduction

Mass spectrometry (MS) has become an indispensable tool for analyzing
biomolecules by accurately identifying molecular masses [1-3]. MS/MS analysis has been
transformative in enabling researchers to identify the complex structures of biomolecules,
including lipid A [1-3]. Lipid A is a key component of the lipopolysaccharides (LPS) that
form the outer membrane of Gram-negative bacteria, contributing to the bacterial virulence
and immunogenicity [4-6].

Gram-negative bacteria are well-known to cause many serious diseases in humans
and animals, including food-borne illnesses, respiratory and urinary tract infections, and
even sexually transmitted diseases [7-11]. In some cases, Gram-negative bacterial
infections can trigger highly aggressive immune responses, which can prove fatal without
prompt and proper treatment. One distinguishing feature of Gram-negative bacteria is their
cell envelope, which consists of a thin peptidoglycan layer sandwiched between an inner
cytoplasmic membrane and an outer membrane rich in LPS [2, 10-13].

LPS is a structurally complex amphiphilic molecule composed of three covalently
linked regions: a hydrophilic non-repeating core oligosaccharide, a distal O-polysaccharide
(or O-antigen), and a hydrophobic domain known as lipid A. Lipid A serves as the
anchoring component that embeds LPS into the bacterial outer membrane, while the
polysaccharide portion interacts with the external environment, including the host immune
defense mechanisms. Importantly, lipid A is responsible for the strong immune-stimulatory
properties of LPS and is considered the most toxic component [4]. The highly conserved

biosynthetic pathway of lipid A has been well-characterized in model organisms like
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Escherichia coli and Salmonella typhimurium [5, 13-18]. The structural variations in lipid
A can lead to differences in bacterial virulence. Lipid A consists of a f-D- GlepN-(1—6)-
a-D-GlepN disaccharide backbone, which is acylated with varying numbers and lengths of
fatty acid chains [19].

The genus Aeromonas, originally ranked in the Vibrionaceae family, has been
reclassified based on molecular genetic evidence. Ribosomal RNA sequence studies have
shown it has a distinct evolutionary path, warranting its own family, Aeromonadaceae [20].
The genus Aeromonas, which includes the pathogen A hydrophila, has been extensively
studied due to its clinical relevance and role in aquatic ecosystems [7, 21-25]. A. hydrophila
is a Gram-negative bacterium with heterotrophic, aerobic, and anaerobic metabolic
capabilities, making it highly adaptable to various environments. It is particularly notorious
for causing motile Aeromonas septicemia (MAS), hemorrhagic septicemia, and ulcer
disease (also known as red-sore disease) in fish [26]. In humans, A. hydrophila is an
opportunistic pathogen linked to gastroenteritis and wound infections [26, 27].

The amphiphilic nature of lipid A presents challenges for separation and ionization,
but advances in ESI negative-ion mode MS have made it possible to study lipid A species
with greater precision [1-3].

KMD plots have emerged as essential tools for the classification and visualization
of structurally related ions in complex mixtures [28-33]. These plots enable the systematic
grouping of ions with similar structural characteristics into recognizable patterns.
Structurally related ions are organized along horizontal lines, referred to as KMD families,

which reveal their relationships in a clear and interpretable manner. By using tandem mass
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spectrometry (MS/MS) to identify one anion within a KMD family, it is possible to deduce
the structural information of all other ions in the same series. This approach significantly
reduces the number of spectra required for thorough structural analysis, making KMD plots
highly effective for elucidating and profiling lipid A molecules in detail [28]. This work
showcases the benefits of FAIMS and KMD plots in the characterization of A. hydrophila
SJ-26.

The structural elucidation studies pave the way for the development and
identification of specific fatty acid modifications and acylation patterns that are unique to
certain bacterial strains. Such structural differences are crucial in understanding the varying
immune responses elicited by different lipid A variants and developing targeted vaccines
and antibiotics [5]. Also, the structural characterization of lipid A in Gram-negative
bacteria A. hydrophila is essential for understanding bacterial virulence and developing
new therapeutic strategies to combat infections. A. hydrophila is essential for
understanding bacterial virulence and developing new therapeutic strategies to combat
infections [5].

Here, we report the structural elucidation by ESI-FAIMS-MS, HCD-MS/MS, and
KMD plots of a heterogeneous mixture of lipid As isolated from the LPS of 4. hydrophila,

the Gram-negative bacteria, SJ-26.

4.3. Materials and Methods
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4.3.1. Bacterial Culture

The original strain of A. hydrophila was obtained from Dr. H. N. Atkinson (The
South Australian School of Technology Oceans, Australia). It was initially isolated from
Sockeye salmon. This strain was added to the Northwest Atlantic Fisheries Center, St.
John’s collection (SJ-26). The cultures were grown to medium-to-late stationary phase in
Trypticase Soy Broth without added glucose (Baltimore Biological Laboratories Inc.) for
approximately 20 hours at 25 °C with aeration at 20 L/min in a New Brunswick MF-128S
fermentor. They were then killed by the addition of 0.3% formalin with continuous
agitation for 16 hours at room temperature. Cells were subsequently collected by
centrifugation at 44,720 xg in a Sorvall SS-34 rotor, washed with 0.15 M NaCl,

lyophilized, and stored at -50 °C until required.

4.3.2. Purification of the Lipopolysaccharide

LPS was extracted using the hot-phenol method and subsequently freeze-dried.
Stored cells (10 g) were suspended in 175 mL of deionized water and heated to 70 °C.
An equal volume of 90% heated phenol was added, followed by 20 minutes of stirring at
70 °C. After cooling on ice, the mixture was centrifuged at 1,371 xg in a Sorvall SS-34
rotor. The aqueous layer was isolated, and the extraction was repeated twice. The
combined aqueous layers were dialyzed, reduced under vacuum, and centrifuged at
169,570 xg for 3 hours. The resulting LPS pellet was resuspended in water, centrifuged
twice more, and lyophilized. LPS was further purified with polymyxin-coated Affi-Prep

beads, suspended in PBS (pH 7.4), washed with 0.1 M NaOH, and incubated overnight
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with agitation at 251 xg . After centrifugation at 698 xg for 10 minutes, the supernatant

was collected and the supernatants were combined, dialyzed, and lyophilized.

4.3.3. Hydrolysis of the Lipopolysaccharide
LPS (100 mg) was hydrolyzed with 1% acetic acid for 90 minutes at 100 °C. The
hydrolysate was then centrifuged at 1,790 xg for 30 minutes, resulting in the precipitation
of lipid A, while the polysaccharide remained in the aqueous phase. The lipid A was

carefully removed and subsequently washed with water.

4.3.4. ESI- FAIMS-MS, HCD-MS/MS and Kendrick Mass Defect

Negative ion mode ESI-MS was performed with an Orbitrap Fusion™ Lumos™
Tribrid™ Mass Spectrometer with a FAIMS pro interface (Thermo Scientific, Waltham,
MA, USA), as described previously [28]. The lipid A mixture of the Gram-negative
bacteria Aeromonas hydrophila SJ-26 was dissolved in chloroform: methanol: water:
triethyl ammonium acetate (TEAA, pH =7) (1:1:0.02: 0.002) at a concentration of 1 pg/pL
and directly infused into the ESI-FAIMS source at a flow rate of 2 pL/min. The spray
voltage was set to 2.8 kV, capillary temperature to 275 °C, and sheath and auxiliary gas to
2 a.u. The FAIMS separation was accomplished with the following settings: inner electrode
temperature = 100 °C, outer electrode temperature = 100 °C, FAIMS N carrier gas flow =
1.2 L/min, asymmetric waveform with dispersion voltages (DV)=+5000 V. Compensation
voltages (CV) were scanned from 0 to 70 V with a step size of 1 volt at 120 K resolution,

250-2000 m/z range, 60% RF lens, 100% normalized automatic gain control (AGC) target,
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and 100 ms Maximum injection time (IT). Tandem MS was performed at specific CVs
that maximize the signal-to-noise ratio (S/N) of the selected precursor ions. Normalized
HCD in the range of 10-40% was used for tandem MS. Data were visualized using
Freestyle software 1.8 SP1 (Thermo Scientific). Tandem MS interpretation was done
manually using ChemDraw Prime (version 23.1.1.3). The mass list of each Lipid A
fraction separated by FAIMS at different compensation voltages was exported and used for
Kendrick analysis. The Kendrick mass defect (KMD) plots were visualized on the
constellation website (https://constellation.chemie.hu-berlin.de/). Different fractional
KMD base units of CH2/2 (14.01565/2= 7.007825), CH2/5 (14.01565/5= 2.80313), and
C14:0/11 (210.198365/11=19.10894227) were used with a ceiling rounding function (i.e.
7.007825 was rounded up to a nominal of 8.000000, etc.). Different fractional base units
was used to enhance the separation of related isotopologues (same isotopic envelope) and

facilitate the visualization of structural relationships [34].

4.4. Results and Discussion

4.4.1. ESI-FAIMS-Orbitrap-MS Analysis

The lipid A structures of Aeromonas Gram-negative bacteria SJ-26 were
investigated using negative ion mode ESI-FAIMS-Orbitrap-MS. This analysis revealed the
presence of three different types of Lipid A anions: MPLA detected mainly in the CV range
of 0-22 V, lipid A adducts or aggregate dimers at the CV range of 23-43 volts, and DPLA
at the CV range of 44 to 70 volts. The most abundant lipid A anions detected across

different CV were four DPLA doubly charged anions [M - 2H]* at m/z 897.6064, 883.5891,
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and 792.5054, and their corresponding singly charged MPLA anions [M - HJ] at m/z
1716.2488, 1688.2198, and 1506.0510 (Figure 4-1).

Structural elucidation was achieved through a combination of ESI-MS and HCD-
MS/MS analysis conducted with a FAIMS interface. FAIMS is a gas-phase ion separation
technique in conjunction with mass spectrometry based on the separation of the ions based
on their mobility differences in a strong electric field compared to a weak electric field
[35]. This technique offers enhanced selectivity and sensitivity, particularly for complex
mixtures, by reducing chemical noise and increasing the separation of each distinct anion
[35, 36].

It is well established that the competitive hydrolysis of the primary and/or
secondary fatty acid esters on the B-D-GlcpN-(1—6)-a-D-GlcpN disaccharide backbone
of lipid A occurs stepwise. Notably, the ester-linked fatty acid groups at O-3 and O-3' are
more susceptible to hydrolysis compared to the fatty acyl amide groups located at N-2 and
N-2'. This increased resistance is attributed to the greater stability of the fatty acyl amide
groups [3]. We speculate that the observed Lipid A heterogeneity reflects variations in the
hydrolysis patterns of these lipid A structures that can occur during the hot phenol
extraction procedure [37, 38]. To confirm these speculations, further structural elucidation

will be performed using HCD-MS/MS analysis.
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Figure 4-1. Negative ion ESI-FAIMS-Orbitrap-MS spectra of the native lipid A extract from A.
hydrophila: A) DPLA with CV =52, and B) MPLA detected at FAIMS-MS with CV = 15.

The three major doubly charged DPLA anions [M, - 2H]*" (n = 1-3) and their three

corresponding MPLA singly charged anions [M, - H] (n=4-6) indicated a preliminary
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heterogeneity in the lipid A phosphorylation degree, as shown in Figures 4-1 and 4-2, and
Table 4-1. These major anions (n=1-6, Table 4-1) were further selected for HCD-MS/MS
analysis, as elaborated in subsequent sections. Detailed HCD-MS/MS analysis allowed the
assignment of anion chemical compositions and the determination of primary and
secondary acyl chain types in the lipid A chemical structure. In analyzing the molecular
formula of organic molecules, the degree of unsaturation (DU) isa calculation that
determines the total number of rings and © bonds .

The [M; - 2H]* ion at m/z 897.6046 was assigned as the deprotonated DPLA hexa-
acylated lipid A anion form, containing four (C14:0(3-OH)), with two substituted by
Myristic acid (C14:0) and Lauric acid (C12:0), creating C14:0(3-O-14:0) and Cl4:0(3-O-
12:0). The [M4 - H] ion at m/z 1716.2488 represented its MPLA form (Figure 4-2 and
Table 4-1).

The [M; - 2HJ* ion at m/z 833.5891 was assigned as the deprotonated DPLA hexa-
acylated lipid anion form, incorporating four (C14:0(3-OH)) with two substituted by two
Lauric acid (C12:0), creating two (Cl4:0(3-O-12:0). The [Ms - H] ion at m/z 1688.2198
represented its MPLA form (Figure 4-2 and Table 4-1).

Furthermore, the [M3 - 2H]* ion at m/z 792.5054 was assigned as a deprotonated,
DPLA penta-acylated lipid A anion form, which consisted of incorporating four (C14:0(3-
OH)) with one substituted by Lauric acid (C12:0), creating Cl14:0(3'-O-12:0). The MPLA
penta-acylated lipid A anion form [Ms - H] ion at m/z 1506.0510 (Figure 4-2 and Table

4-1).
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Figure 4-2. Schematic representation of suggested structures of the molecular anions of the lipid
As mixture extracted from 4. hydrophila SJ-26. The DPLA ([M, - 2H]* (n = 1-3)) and MPLA ([M,

- H] (n=4-6)).

Table 4-1. Assignments of the deprotonated mono-phosphorylated DPLA and MPLA molecules
observed in ESI-MS analysis of a native mixture of lipid A extracted from the A. hydrophila SJ-26.

Ton in D Diagnostic Empirical m/; ms
plots® %on forI:n ula Obserzve d m/z Calculated | Error DU
(ppm)
DPLA
[Co4H176N2025P>] 1 _
795.2048/2=
_oH 2
1 [M; - 2H] 897.6046 897 6024 2.4 10
- [Co2H172N2025P>] 1767.1735/2=
_ 2
2 [M; - 2H] ) 883.5891 £83.5868 2.6 10
1585.0065/2 =
- 2- -
3 [M; - 2H]*  [CsoH150N2024P2]" | 792.5054 792.5033 2.6 9
MPLA
4 [M4 - H]_ [C94H176N2022P]' 1716.2468 1716.2458 0.5 9
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5 [Ms- H] [Co2H172N2022P]" | 1688.2198 1688.2145 3.1 9

6 [M6 - H]_ [C30H150N2021P] - 11506.0510 1506.0474 2.3 8

aSimplified ion numbers 1-6 will be used later in the Kendrick mass defect analysis (Section 4.4.4).
®The degree of unsaturation (DU) is a calculation that determines the total number of rings and 7 bonds.
The calculation was performed using the corresponding neutral molecular formulas

The proposed structures were confirmed through a detailed analysis of the HCD-
MS/MS spectra of selected [Mn - 2H]* and [Mx - H] anions, as elaborated in subsequent

sections.

4.4.2. ESI-FAIMS-Orbitrap-MS/MS Analysis

The assignment of the three DPLA anions at m/z 897.6046, 833.5891, and
792.5054, as well as their corresponding three MPLA anions at m/z 1716.2488, 1688.2198,
and 1506.0510, respectively, (Figure 4-1) observed in the single-stage high-resolution MS
analysis confirmed solely the exact anion m/z values. Therefore, MS/MS enabled the
identification of diagnostic product ions, confirming their proposed molecular structures
[39]. The application of high-energy dissociation HCD-MS/MS further facilitates detailed
structural elucidation by generating product ions that reveal the connectivity and
composition of molecules, contributing to a comprehensive understanding of the
molecule's structure and fragmentation pathways [3, 40].

We employed the combined nomenclature systems of Domon and Costello [41],
along with and Morrison et al. [42], which specifically addresses MS/MS fragmentation

patterns for carbohydrates and lipid A, respectively [11].
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Scheme 4-1 illustrates the HCD-MS/MS fragmentation pathways of the B-D-
GlepN-(1—6)-a-D-GlepN disaccharide, characterized by the sequential loss of acyl chains
[42]. For example, the most common losses occur on the primary and secondary acyl chains
at the O-3' position, which results in fragments assigned as the 3'C, 3's, 3'a, and 3'B
positions. This is followed by the loss of the primary chain at the O-3 position and
subsequent 2'C fission at the N-2’ amido group, as depicted in Scheme 4-1. Additionally,
04A, cross-ring cleavages were observed, along with the cleavage of the B-(1—6) -
glycosidic linkage, leading to the formation of Y1 and C; fragments. Further fragmentation
involves the elimination of the PO3 group located at the O-1 position, producing the [C2 -

H] product anion through the release of HPO; [2, 42].

R

Scheme 4-1. Proposed fragmentation of the HCD-MS/MS fragmentation patterns of the molecular
anion of lipid A.
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4.4.2.1. HCD-MS/MS Analysis of the Lipid As M1&4
The mass spectra revealed a DPLA doubly charged ion at m/z 898.1061 and its
corresponding MPLA singly charged species at m/z 1716.2488 annotated as [M; - 2H] =

and [M4 - H]', respectively (Figure 4-3).
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Figure 4-3. HCD-MS/MS of DPLA and MPLA anions extract from A. hydrophila. (A) The doubly
charged DPLA [M, - 2H]* anion at m/z 898.1061 and (B) The singly charged MLPA [M, - H]

anion at m/z 1716.2488.
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We proposed this heterogeneous lipid A mixture [M; - 2H]* and [M4 - HJ
corresponded to the DPLA and MPLA forms of the B-D- GlepN-(1—6)-a-D-GlepN
disaccharide backbone in which the O- 3' and N-3' positions were substituted by (C14:0(3-
0(14:0))) and (C14:0(3-O(12:0))) groups, respectively, at the non-reducing end sugar,
whereas the O-3 and N-3 positions on the reducing sugar moiety were both substituted with
a 3-OH-myristic acid chain (C14:0(3-OH)). Illustrated in Figure 4-3, Scheme 4-2 and

Table 4-2.
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Table 4-2. Assignments of the diagnostic product anions in HCD-MS/MS analysis of the [M; -
2H]* and [M4 - H] anions at m/z 897.6046, 1716.2468 respectively.

Diagnostic ion Empirical m/z m/z m/z Error
g formula Observed Calculated (ppm)
[Ms - (C14:0) acid- HJ [CsoH14sN2020P] | 1488.0377 1488.0369 0.5
[Ms - (C14:0 (3-OH)) acid- HJ [CsoHuusN2010P] | 1472.0425 1472.0419 0.4
[Ms- (C14:0 3 'OH))ﬁi}d - (Cla0) ketene - 1 v 1 NLOWPT | 1261.8436 1261.8436 0

[M4 - (Cl410 (3-OHI2I)]aC1d - (C140) acid- [C65H122N2018P]' 1243.8342 1243.8330 0.9

[Ms - (C14:0 (3-OH)) acid - (C14:0(3-O- ]
C14:0)) ketene - HT [Cs:HogN2016P] 1035.6513 1035.6503 0.9

[Ms - (C14:0 (3-OH)) acid - (C14:0(3-O- ]
C14:0)) acid- HT [C5:HoaN,O15P] 1017.6409 1017.6397 1.1

0,4 _ . _O- . q -

[**A2 - C14:03-0-C14:0) acid - H] [C34HgNO, PT 690.3999 690.3988 1.5
[B: - C14:03-0-C14:0) acid - HF [C3,HsNOoP] 630.3789 630.3776 2.0

HCD-MS/MS of both [M; - 2H] and [M4 - H] produced product anions at m/z
1488.0377, 1472.0425, 1261.8436, 1243.8342, 1035.6513, 1017.6409, 690.3999, and
630.3789 illustrated in Figure 4-3, Scheme 4-2 and Table 4-2.

The product anion at m/z 1488.0377 was attributed to the loss of a (C14:0) acid
group (228.2089 Da) from the branched (C14:0(3-O-C14:0)) fatty acid at O-3' position and
assigned as the [M4 - (C14:0 (3-OH)) acid -H]". The product anion at m/z 1472.0425 was
assigned as the [M4 - (C14:0 (3-OH)) acid -H]J, formed by the elimination of (C14:0 (3-
OH)) acid group (244.2038 Da) attached to the O-3 position of the lipid A disaccharide
backbone. The chemical structure of the latter ion at m/z 1472.0425 confirmed the presence
of (C14:0 (3-OH)) groups.

This latter anion at m/z 1472.0425 underwent further fragmentation, losing a

(C14:0(3-0O-C14:0)) ketene group (438.4073 Da) at the O-3' position, forming the product
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anion at m/z 1035.6513, assigned as [Ms - (C14:0 (3-OH)) acid - (C14:0(3-O-C14:0))
ketene - H]". This was followed by the elimination of H.O from the hydroxyl groups at O-
3' position, forming the secondary product anion at m/z 1017.6409, assigned as [M4. (C14:0
(3-OH)) acid - (C14:0(3-0O-C14:0)) acid- HJ.

Further fragmentation of the anion at m/z 1472.0425 involved the elimination of
(C14:0) ketene group (212.2140 Da) from (C14:0(3-O-C14:0)) branched in position O-3',
resulting in the formation of product anion at m/z m/z 1261.8436, assigned as [M4- (C14:0
(3-OH)) acid - (C14:0) ketene - H]". This was followed by the removal of H>O from the
hydroxyl groups from C14:0(3-OH) at O-3' position, forming the secondary product anion
at m/z 1243.8342, assigned as [Ms - (C14:0 (3-OH)) acid - (C14:0) acid - H]". This
supported the presence of the branched (C14:0(3-O-C14:0)) group in position O-3". These
fragmentations confirmed the presence of a branched (C14:0(3-O-C14:0)) group.

The product anion at m/z 690.3999 generated through cyclic cleavage (**A») at the
reducing sugar (561.455 Da) followed by loss of (C14:0(3-O-C14:0)) acid (454.3944 Da)
from O-3' position to produce m/z 690.3999, which was assigned [*?A> - (C14:0(3-O-
C14:0)) acid - H]". Likewise, product anion at m/z 630.3789 was assigned as [B; - (C14:0(3-
0-C14:0)) acid - H], formed by glycosidic cleavages of the f-D-GlcpN-(1—6)-0-D-GlcpN
disaccharide backbone leading to the formation of the non-reducing D-GlcpN-H2PO4
species.

The [M; - 2H]* ion represented a DPLA form of [My4 - H] ion, and by losing a
phosphate group, both species shared the same m/z values (Figure 4-3). These MS/MS

studies support the suggested structural assignment of the [M4 - H]" molecule, where the
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H>POs3 group is located at the O-4' position of the non-reducing end of the disaccharide
backbone. The results also confirmed the presence of two the presence of two molecules
of 3-hydroxy-myristic acid at positions O-3 and N-2 of the reducing end of the disaccharide
backbone. Additionally, the branched (C14:0(3-O-C14:0) and (C14:0(3-O-C12:0) fatty
acids were located on the O-3" and N-2' positions of the non-reducing end of the B-D-

GlcpN-(1—6)-a-D-GlcpN disaccharide backbone of [M4 - H] lipid A.

4.4.2.2. HCD-MS/MS Analysis of the Lipid As Mz&s

The mass spectra contained doubly charged ions, and the corresponding minor singly
charged anion at m/z 883.5891and 1688.2198, respectively, were assigned as [Ma - 2H]*
and [Ms - H]  were shown in Figure 4-4 A and Figure 4-4 B, respectively and illustrated

in Scheme 4-3 and Table 4-3.
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Figure 4-4. HCD-MS/MS of DPLA and MPLA anions extract from A. hydrophila. (A) The doubly
charged DPLA [M, - 2H]* ion at m/z 883.5891 and (B) The singly charged MPLA [Ms —H] ion at

m/z 1688.2198.
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Scheme 4-3. Proposed fragmentation pathways of the selected precursor anions, [M - 2H]* and
[Ms - H] anions at m/z 883.5891 and 1688.2198, respectively.

Table 4-3. Assignments of the diagnostic product anions in HCD-MS/MS analysis of [M, - 2H]*
and [Ms - H] anions at m/z 883.5891 and 1688.2198, respectively.

.. m/z
Diagnostic ion on Tnl:::i;cal m/z Observed m/z Calculated Error
(ppm)
[Ms - (C12:0) acid -H] [CsoH14sN2020P] | 1488.0377 1488.0369 0.5
1[{1\]45_ (C14-03-OH) acid - | 10 1 NLOWPT | 14440116 1444.0106 0.6
(%4152 (())Clijtgézoé{])) acid - | [CooHizaN20wsPY™ 11564 2445 1261.8436 0.7
([éAlszé)C ;‘ig(fﬁ(])_m) acid - | o HioN2OvPT | 1243.8342 1243.8330 0.9
[Ms - (C14:0(3-OH)) acid -
(C14:0(3-0-C12:0)) ketene | [Cs2HosN2O16P] | 1035.6510 1035.6503 0.6
- HI
[Ms - (C14:0(3-OH)) acid -
(C14:0(3-0-C12:0)) acid - | [Cs2HoaN2O1sP] | 1017.6410 1017.6397 1.2
HT
04A. _ .0(2-0)- .
[*A2 Cafdo_(fﬂ(? C1220) | rcyHaNOWPT | 690.4000 690.3988 1.7
[B1 - C”:O(ﬁ{(])_' Cl20)acid- | 1o HoNOPT | 630.3788 630.3776 1.9
([CBII 2C01)4kg(tz i’_clﬁfo) acid- | 1,0H3sNOsPT 448.2105 448.2106 202

HCD-MS/MS of both [M; - 2H] and [Ms - H] produced product anions at m/z
1488.0377, 1444.0116, 1261.8445, 1243.8342, 1035.6510, 1017.6410, 690.4000,
630.3788, and 448.2105 (Scheme 4-3 and Table 4-3).

The product anion at m/z 1488.0377 was identified as [Ms - (C12:0) acid -HJ,
formed by the elimination of the (C12:0) acid group (200.1821Da) from the branched
(Cl4:0(3-0-12:0)) fatty acid at the O-3' position of the lipid A disaccharide backbone.
These product anions supported the presence of the (C12:0) groups attached to the O-3

position of the lipid A disaccharide.
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The same product anion at m/z 1488.0377 also underwent loss of a (C14:0(3-OH))
acid group (244.2038 Da) located at O-3 position, resulting in the product anion at m/z
1444.0116, assigned as [Ms - (C14:0(3-OH)) acid - H]". Further fragmentation resulted in
the elimination of the (C12:0) ketene groups (182.1671 Da), producing the product anion
at m/z 1261.8445, assigned as [Ms - (C14:0(3-OH)) acid - (C12:0) ketene - HJ.
Subsequently, water loss of water from hydroxyl groups at C14:0(3-OH) localized at O-3'
position, forming the secondary product anion at m/z 1243.8342, assigned as [Ms - (C14:0
(3-OH)) acid - (C12:0) acid - H]. These fragmentations confirmed the presence of the
branched (C14:0(3-O-C12:0)) fatty acid group.

Additionally, the product anion at m/z 1444.0116 underwent elimination of a
(C14:0(3-0-C12:0)) ketene group (410.3760 Da), resulting in the product anion at m/z
1035.6510, assigned as [Ms - (C14:0(3-OH)) acid - (C14:0(3-O-C12:0)) ketene - H]". That
was followed by the elimination of the water group from the hydroxyl groups from the O-
3' position, creating an anion at m/z 1017.6410, assigned as [Ms - (C14:0(3-O-C12:0)) acid
- (C14:0(3-OH)) acid - H].

The product anions at m/z 690.4000 and 448.2105 were generated via glycosidic
cleavage of the B-D-GlcpN-(1—6)-a-D-GlcpN disaccharide backbone, resulting in the
non-reducing D-GlcpN-POs species. Cyclic cleavage (**A») at the reducing sugar (568.449
Da) with subsequent loss of a (C14:0(3-O-C12:0)) acid group (426.3709 Da) from O-3'
position yielded the ion atm/z 690.3999, assigned as [*?A; - (C14:0(3-0O-C14:0)) acid -
H] . Similarly, product anion at m/z 630.3789 was attributed to [B: - (C14:0(3-O-C14:0))

acid - H], formed through glycosidic cleavage, leading to the formation of the non-

231



reducing D-GlcpN-H,POs4 species. Further elimination of a C12:0 ketene group from
(C14:0(3'-O-C12:0)) branched at the 3'-O position, produced the anion at m/z 448.2105,
assigned as [B1 - (C14:0(3-O-C14:0)) acid - (C12:0) ketene - HJ".

The [M2 - 2H]* ion represented a di-phosphorylated form of [Ms - H] ion, and by
losing a phosphate group, both species shared the same m/z values (Figure 4-4). These
MS/MS studies support the suggested structural assignment of the [Ms - H]" molecule,
where the HoPOs group is located at the O-4' position of the non-reducing end of the
disaccharide backbone. The results also confirmed the presence of two molecules of 3-
hydroxy-myristic acid at positions O-3 and N-2 of the reducing end of the disaccharide
backbone. Additionally, the two branched (C14:0(3-O-C12:0) fatty acids were located on
the O-3" and N-2' positions of the non-reducing end of the B-D-GlcpN-(1—6)-0-D-GlcpN

disaccharide backbone of [Ms - H] lipid A.

4.4.2.3. HCD-MS/MS Analysis of the Lipid As M3gs

The mass spectra contained a doubly charged ion and the corresponding minor ion
for the singly charged species at m/z 792.5054 and 1506.0510, respectively. These ions
were assigned as the [M3 - 2H]* and [Ms - H]" and were shown in Figure 4-5 A and Figure

4-5 B, respectively. [llustrated in Scheme 4-4 and Table 4-4.
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m/z 1506.0510.
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Scheme 4-4. Proposed fragmentation pathways of the selected precursor anions, [M; - 2H]* and
[Mg - H] anions at m/z 792.5054 and 1506.0510, respectively.

Table 4-4. Assignments of the diagnostic product anions in HCD-MS/MS analysis of the [Mj3 -
2H]* and [Ms - H] anions at m/z 792.5054, 1506.0510.

Diagnostic ion Empirical m/z m/z m/z Error
formula Observed Calculated (ppm)
[Ms -H20 - HI [CsoHiasN202P] | 1488.0385 1488.0369 1.0
[Ms - (C12:0) acid - H] [CesHi2eN2010PT | 1305.8702 | 1305.8698 03
[Ms - (C14:0 (3-OH)) acid - HJ [CesH122N201sPT | 1261.8441 1261.8436 0.3
[Ms - (C14:0 (3-OH)) acid - H,0 - HJ" [CosHi2oN2012P] | 1243.8348 | 1243.8330 1.4
[Ms - (C14:0 (3'OH£]?‘CM - (C12:0) acid - [CssHosN2016PT | 1061.6665 1061.6659 0.5
[Ms - (C14:0 (31;(2531)3?1‘_11']_(C14:0 G-OM) | [CoHoN.0PT | 1035.6505 | 10356503 0.1
[Ms- (CM:Ok(gtg??)gféd: %C]_M:O G-OM) 1 [CoHouN.0isPT | 1017.6408 | 1017.6397 1.0
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[4A; - C14:0(3-OH) acid - HJ [C3aHsNOUP] | 690.4000 | 690.3988 1.7

[B: - C14:0(3-OH) acid - HJ [C32Hs7NOoP] 630.3788 630.3776 -1.9

[Mg - (C14:0 (3-OH)) acid - (C14:0 (3-OH))
ketene - (C12:0) acid - H]

[C40H72N>014P] 835.4737 835.4727 1.1

HCD-MS/MS of both [M3; - 2H] and [Ms - H] created product anions at m/
1488.0385, 1305.8702, 1261.8441, 1243.8348, 1061.6665, 1035.6505, 1017.6408,
690.4000, 630.3788, and 835.4737 (Scheme 4-4 and Table 4-4).

The product anion at m/z 1488.0385 was assigned as [Ms - H>O -H], formed by
eliminating a water molecule from the hydroxyl group located at the O-3 position of the
lipid A disaccharide backbone. The product anion at m/z 1305.8702 was identified as [Ms
- (C12:0) acid -HJ, resulting from the loss of the (C12:0) acid group (200.1821 Da) from
the branched (Cl4:0(3-O-12:0)) fatty acid at the N-2' position. This confirmed the
attachment of a (C12:0) acid.

The product anion at m/z 1261.8441 was assigned as [Mg - (C14:0(3-OH)) acid -
H]-, which was formed by the elimination of a (C14:0(3-OH)) acid group (244 Da) located
at O-3 position. This anion underwent further fragmentation, resulting in the loss of a
hydroxyl group from (C14:0(3-OH)) located at O-3', generating the product anion atm/z
1243.8348, identified as [M¢ - (C14:0(3-OH)) acid - H2O - H]". Additionally, the ion at m/z
1261.8441 underwent further fragmentation, eliminating the (C14:0(3-OH)) ketene group
(228.089 Da), to produce the product anion at m/z 1035.6510, assigned as [Mg- (C14:0(3-
OH)) acid - (C14:0(3-OH)) ketene - H]". That also was followed by the elimination of the

hydroxyl group from the O-3' position to produce anion at m/z 1017.6410, which was
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assigned as [Mg - (C14:0(3-OH)) acid - (C14:0(3'-OH)) acid - H]". These fragmentations
validated the presence of a (C14:0(3-OH)) acid group.

Another fragmentation pathway of anion at m/z 1261.8441 involved the loss of the
(C12:0) acid group (200.1821 Da) from the branched (Cl4:0(3-O-12:0)) fatty acid at the
N-2' position, producing the product anion at m/z 1061.6665, assigned as [Mg - (C14:0(3-
OH)) acid - (C12:0) acid - H]". That was followed by the elimination of the (C14:0(3-OH))
ketene group (226.1933 Da) located at O-3' to produce anion at m/z 835.4737, assigned as
[Ms - (C14:0(3-OH)) acid - (C14:0(3-OH)) ketene - (C12:0) acid - HJ~.

The product anion at m/z 690.4000 was formed by glycosidic cleavage of the 3-D-
GlcpN-(1—6)-a-D-GlcpN disaccharide backbone, resulting in the non-reducing D-GlcpN-
PO; species. This cleavage involved a cyclic cleavage (“*A) at the reducing sugar
(571.4473 Da) followed by the loss of (C14:0(3-OH)) acid group (255.2038 Da) from O-
3' position to produce m/z 690.3999, which was assigned [*?A - (C14:0(3-OH)) acid - H]" .
Likewise, product anion at m/z 630.3789 was assigned as [B1 - (C14:0(3-OH)) acid - HJ,
formed through glycosidic cleavage of the B-D-GlcpN-(1—6)-a-D-GlcpN disaccharide
backbone leading to the formation of the non-reducing D-GlcpN-H>PO4 species.

The [M; - 2H]* ion represented a di-phosphorylated form of [Me - H] ion, and by
losing a phosphate group, both species shared the same m/z values (Figure 4-5). These
MS/MS studies support the suggested structural assignment of the [Mg - H]” molecule,
where the HoPOs group is located at the O-4' position of the non-reducing end of the
disaccharide backbone. The results also confirmed the presence of three molecules of 3-

hydroxy-myristic acid at positions O-3, N-2 and O-3' of the disaccharide backbone.
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Additionally, one branched (C14:0(3-O-C12:0) fatty acid was located on the N-2' position
of the non-reducing end of the B-D-GlcpN-(1—6)-a-D-GlcpN disaccharide backbone of

[Ms - H]" lipid A.

4.4.3. Separation of Lipid A Aggregate Dimers and/or Adducts by FAIMS

One of the challenges in lipid analysis by ESI-MS is the ability of lipids to form
aggregates that add more complexity to the profile spectrum and data interpretation [43].
The extent of lipid aggregation usually depends on their chemical structures, concentration
and the ESI-MS solvent composition. In this work, although triethyl ammonium acetate
buffer (TEAA) was added to the ESI solvent to disaggregate any expected Lipid A micelles
[44], several dimers of MPLA were detected as doubly charged ions in the CV range of 23-
43 volts (Figure 4-6). It should be noted that further studies are needed in the future to
investigate the effect of concentration and ESI-MS solvent composition on the formation

of these Lipid A aggregates.
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Figure 4-6. Negative ion ESI-FAIMS-Orbitrap-MS spectra of the native lipid A extract from A.
hydrophila with CV = 28 forming adduct of singly charged ions.
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The FAIMS successfully separated these MPLA dimers from their corresponding
monomeric MPLA, thus avoiding intermixing between this Lipid A species and
complicating the MS and MS/MS analysis and/or interpretation. For example, the doubly
charged ion at m/z 1506.05 (Z = -2) detected in the CV range of 23-43 V was expected to
be composed of two MPLA monomeric ions that were detected at m/z 1506.05 (Z=-1) in
the lower CV range (0-23 V). However, MS/MS of this doubly charged dimeric lipid A
(Figure 4-7) revealed that it is a mixture of at least four isomeric Lipid A dimers: two
penta-acylated MPLA (2x 1506.05/2 = 1506.05) [2Ms - 2H]*, hexa-tetra acylated lipid A
(1732.24+1279.86/2 = 1506.05), hexa-tetra acylated lipid A (1688.22 + 1323.88/2=
1506.5), hepta-tri acylated Lipid A (1914.41 +1097.68/2 = 1506.05). This clearly indicates
the complexity of the composition of these adduct ions. The ability of the FAIMS to isolate
such kind of complicated adducts from monomeric MPLA or DPLA greatly facilitated the
analysis and avoided complicated MS/MS spectrum if both monomeric and dimeric MPLA
of identical m/z value and different charge states were fragmented together. Additionally,
FAIMS gas phase fractionation allowed the Kendrick analyses of each faction separately
and avoided complications from these adduct formations in the data interpretation.

The doubly charged nature of this adduct was due to the presence of two phosphates
on two different Lipid A molecules, which facilitated the binding and charge sharing
between the ions [45]. The resulting adducts appeared as a distinct peak in the mass
spectrum, reflecting the transition from singly charged to doubly charged species. It should
be noted that several types of biologically relevant lipids are known to form

aggregates/micelles/bilayers in the aqueous environment of the human body. Thus, the
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study of these kinds of lipid A aggregates may provide insight into how lipid A may

aggregate in real biological systems.
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Figure 4-7. HCD-MS/MS of doubly charged adduct anion at m/z 1506.05 showing at least four
possible dimeric Lipid A with the same m/z value (isomers).

4.4.4. Kendrick Analysis of Lipid A Fractions Separated by FAIMS
4.4.4.1. Kendrick Analysis of DPLA Anions

To better understand the complexity of the analyzed Lipid A mixture, we performed
analysis using the non-deconvoluted mass list. The Kendrick analysis of the DPLA doubly
charged anions detected from CV 44 to 60 was performed using a fractional base unit of
CHy/2 (Figure 4-8). Anions /,2, and 3 (Table 4-1) were previously characterized using
tandem MS, providing a basis for identifying related species. The Kendrick plot (Figure
4-8) includes red lines representing anions differing by 14.01 Da, suggesting the presence

of unusual Lipid A species with an odd number of carbons.
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Figure 4-8. Kendrick analysis of DPLA singly charged ions detected from CV 44-60 using CH»/2
base unit, allowing the vertical expansion of isotopologues.

In the Kendrick Mass Defect plot, isotopologues belonging to the same isotopic
envelope tend to align vertically (indicated by ions enclosed in black boxes, Figure 4-8).
Additionally, vertical differences in the KMD plot by H> can show variability in the number
of double bonds (Figure 4-8). Lastly, low-abundant ions (/2) at m/z 657.39 (Z = -2)
showed the elimination of the C12-OH group (198.162 Da) and C>H4 group (28.03 Da)
with respect to anion 3. This shows the usefulness of KMD plot relationships and/or
networks in predicting the chemical composition of low-abundant ions that cannot be

characterized adequately by tandem mass spectrometry.
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4.4.4.2. Kendrick Analysis of MPLA Anions

Further, KMD analysis focused on MPLA anions with a single charge and detected
CV=0 to 22 was performed using a CH2/5 fractional base unit. The Kendrick plot (Figure
4-9) Shows the anions annotated from 5 to /0. Anions 5 and 6 were previously
characterized and studied using tandem MS, which provided more detailed information
about their structure (Table 4-1). Anions 5 and 6 anions served as reference points for
identifying the related composition of anions without the need to perform and interpret

additional tandem MS spectra.
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Figure 4-9. Kendrick analysis of MPLA singly charged ions detected from CV 0 to 22 using CH»/5
base unit.
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In the KMD plot, anions with the same chemical composition but differing in the
number of CH> will have the same KMD and will align on the horizontal line in the KMD
plot [28]. The red lines (Figure 4-9) connect ions that differ by 14.01565 Da,
corresponding to a CH> group. Similar to the DPLA fraction, the 14.01565 difference
suggests the presence of unusual Lipid A molecules with an odd number of carbons. For
example, anion 6 at m/z 1506.0510 is followed by an anion at m/z 1520.0601 (1506.0510
+ 14.01565), indicating an odd number of carbons in one of the Lipid A acyl chains.

The tandem MS characterized penta-acylated lipid A anion at m/z 1506.0510 was
found to have an extra 226.1976 Da with respect to Anion 7 at m/z 1279.8534, indicating
the loss of a C12:0-OH group (198.1620 Da) along with a C;Hs group (28.0313 Da).
Therefore, Anion 7 at m/z 1279.8534 is identified as a tetra-acylated lipid. Additionally,
anion 7 was found to have an additional 182.1674 Da with respect to Anion § at m/z
1097.6860, indicating the elimination of the C12:0 group (182.1667 Da). Therefore, Anion
8 is identified as a tri-acylated lipid.

Furthermore, Anion 9 at m/z 1462.0201 showed an extra 182.1667 Da with respect
to Anion 7, indicating the addition of the C12:0 group (182.1667 Da). So, Anion 9 is
identified as a tetra-acylated lipid. Additionally, anion 10 at m/z 1488.0361 was found to
have an extra 26.0160 Da with respect to Anion 9, indicating the addition of the CoH4 group
(28.0313 Da) and removal of H> (2.0157). Finally, anion 7/ at m/z 1742.2562 was found
to have an additional 54.0438 Da with respect to Anion 5, indicating the addition of two

(C2H4) groups (2 x 28.0313 Da) and elimination of H» (2.0156), thus showing the sequential
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mass differences between anions and providing insights into the structural diversity of
Lipid A.

In the Kendrick Mass Defect plot, isotopologues belonging to the same isotopic
envelope tend to align vertically (indicated by boxes, Figure 4-9). These anions share a
similar molecular structure but differ in their exact mass due to isotopic substitution. The
vertical expansion of isotopologues across the Kendrick plot range (+0.5 to -0.5) facilitated
the visualization of these anion relationships, providing a clearer understanding of isotopic
patterns and structural similarities.

This Kendrick analysis highlights the series of mass differences between anions,
providing important insights into the structural variations within the Lipid A mixture, such

as differences in the number of acyl groups and carbon chain lengths.

4.4.4.3. Kendrick Analysis of Lipid A Adducts

Kendrick analysis was also performed on doubly charged Lipid A adducts detected
across a compensation voltage range from CV 23 to CV 48. The red lines connect ions
horizontally in the Kendrick plot (Figure 4-10), with a difference of 42.04 Da, indicating
trimethylation and suggesting the presence of Lipid A species with an odd number of fatty

acids as previously determined in DPLA and MPLA factions.
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Figure 4-10. Kendrick analysis of lipid A adducts detected in the CV range 23 to 43 using C14:0/11
fractional base unit.

Ion 13 at m/z 1279.8531 (z = -2) was identified as a dimer of two tetra-acylated
Lipid A molecules (2 x 1279.8531 /2 =1279.8531). It should be noted that the monomeric
ion at m/z 1279.8531 is anion 7 in the KMD plot of the MPLA fraction (2 x anion 7, Figure
4-10). Ion /4 at m/z 1392.9509 (z = -2) represents a tetra-acylated adducted with a penta-
acylated MPLA (1279.8531+ 1506.048/2 = m/z 1392.95). Anion 15 at m/z 1506.048 (z = -
2) corresponds to a mainly penta-acylated Lipid A dimer (2 x 1506.048 / 2 = 1506.048)) as
proved by tandem MS (Figure 4-7). The relationships between ions 13-15 are an example

of structural variations that occur diagonally across the KMD plot.
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Anion /6 at m/z 1611.1445 (z = -2) is an adduct of a penta-acylated and a hexa-
acylated MPLA (1506.048 + 1716.2411/2 =1611.1445). Anion 17 at m/z 1716.2411 (z=
-2) corresponds to a dimer of two hexa-acylated Lipid A molecules (2 x 1716.2411/ 2 =
1716.2411). The relationships between anions 15-17 exemplify horizontal structural
variations across the KMD plots.

Moreover, anion /8 at m/z 1498.046 (z = -2) was predicted to have one less oxygen
atom with respect to anion /5 (m/z 1506.048 (z =-2)), while Anion /9 at m/z 1491.0414 (z
was predicted to have one less oxygen and CH» group with respect to anion 15. Anions /8
and /9 illustrate examples of structural variations that are observed vertically across the
KMD plot with respect to anion 15, providing insights into some lipid A modifications
involving oxygen and CH: units loss (Figure 4-10). It should be noted that the divisors for
the Lipid A related chemical units (CH2 and C14:0) used in this Kendrick analysis were
selected by trial and error. Different divisors were tested to find the best visual ion
arrangements and/or separations, thus facilitating relationship predictions of ions. This
opens a way for developing a platform for the Kendrick analysis of such complex biological
mixtures that needs lots of manual visualization of ions relationships and the chemical

knowledge about the possible structural variations.

4.5. Conclusions and Future Directions

The analysis of the lipid A mixture, conducted using ESI-MS in negative ion mode,
revealed a heterogeneous composition of lipid A molecules that bind to polymyxin-coated

Affi-Prep. HCD-MS/MS experiments further confirmed the identities of these molecules,
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providing detailed insights into their molecular features. The application of FAIMS
demonstrated that changes in CV significantly influenced ion formation and adduct
generation, aiding the identification of compounds within the lipid A mixture of SJ-26.

This comprehensive MS/MS analysis enabled the precise characterization of lipid
A molecules, verifying the presence of DPLA and MPLA forms with distinct fatty acid
substitutions, including myristyl-oxy-myristic acid and 3-hydroxy-myristic acid. To further
understand the complexity of the lipid A mixture, KMD analysis was performed using the
mass list of doubly, singly, and adduct-charged anions from MS!. This analysis uncovered
structural patterns and relationships among the anions in the mixture. KMD plots proved
instrumental in classifying and organizing structurally related ions, offering a clearer
understanding of lipid A's composition and facilitating a systematic exploration of its
molecular diversity.

Structural similarities were observed with lipid A from other strains and families,
such as Aeromonas liquefaciens SJ-19a [46] and Yersinia pestis (Yersiniaceae) [47],
respectively. These findings lay the groundwork for investigating the potential
immunological responses and functional roles of lipid A in host-pathogen interactions,
paving the way for therapeutic development targeting diverse Gram-negative bacterial
infections. Understanding the structural diversity of lipid A will contribute to developing
improved vaccines and therapeutics targeting these pathogens [48, 49].

Future research will focus on exploring lipid A structures in other species of the

Aeromonadaceae family, a group known for pathogenic members associated with diseases
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in fish, amphibians, reptiles, and humans. These pathogens possess virulence factors such

as toxins, hemolysins, and enzymes that facilitate host tissue invasion [50].

Finally, this study demonstrated that high-energy HCD-MS/MS, coupled with

FAIMS, is a reproducible and powerful tool for elucidating the structures of lipid

molecules. This approach enhances our ability to analyze lipid A and related molecules,

providing valuable insights for future studies.
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Chapter 5 Structural Elucidation of a Novel Unique
Mixture Of Lipid As Obtained from the Phenol-Phase
Soluble Lipopolysaccharide Of Vibrio Anguillarum

Serovar SJ-41

This Chapter is reproduced with permission from Trevena N. Abanoub Mikhael,
David R. Goodlett, Travis Fridgen, and Joseph Banoub. This research is currently

submitted for publication in the journal Rapid Commun. Mass Spectrom.

5.1. Abstract

In this study, we investigated a unique lipid A derived from the phenol-phase
soluble lipopolysaccharide (LPS) of Vibrio anguillarum serovar SJ-41, a virulent marine
and freshwater pathogen. In order to elucidate the lipid A molecular structure, we have
used electrospray ionization with field asymmetric wave ion mobility-Orbitrap mass
spectrometry (ESI-FAIMS-MS). The conventional ESI- FAIMS- spectrum indicated that
the obtained lipid A consisted of a heterogeneous mixture of compounds. Tandem mass
spectrometry using high collision dissociation tandem mass spectrometry (HCD-MS/MS)
allowed us to propose the chemical structure of this heterogeneous lipid A mixture.
Kendrick Mass Defect (KMD) architecture of lipid A of V. anguillarum strain SJ-41 from
the Vibrionaceae family. Structural analysis revealed significant deviations from

conventional lipid A, including the presence of a phospho-glycerol moiety at the O-1
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anomeric position of the lipid A glucosamine-reducing end. As far as we know, this is the
first report of lipid A structures substituted with the phospho-glycerol D-glucosamine at
the O-1). Kendrick plots were employed to further classify structurally diverse lipid A
molecules. These findings provide new insights into the lipid A composition of V.
anguillarum strain SJ-41 and underscore the need for further studies to explore its
biological implications, potentially reshaping our understanding of lipid A and its role in

host-pathogen interactions.

5.2. Introduction

The family Vibrionaceae comprises seven genera of Gram-negative bacteria,
including Vibrio, Photobacterium, Allomonas, Listonella, Enhydrobacter, Allomonanas,
Salinivibrio, and Enterovibrio, with the genus Vibrio containing the largest number of
species [1]. Species of the genus Vibrio are widespread in coastal ecosystems and are
ubiquitous in marine, estuarine, and freshwater environments worldwide [1-3]. There are
48 recognized species in the genus Vibrio, ten of which are known human pathogens [1].
Vibrio anguillarum is highly pathogenic to both freshwater and saltwater fish, causing
hemorrhagic septicemia vibriosis, which leads to significant losses in aquaculture [4-6]. As
aresult, aquaculture has increasingly relied on vaccination for disease control [7]. Although
various immunization methods have been explored and Vibrio vaccines have shown
success, most vaccine production has focused on crude empirical approaches, with limited
attention to the antigenic properties of Vibrio cells at the molecular level their high

antigenic variability [6, 8-12].
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Some Vibrio species exhibit multiple lifestyles, including a free-swimming
planktonic state and attachment to zooplankton, shellfish, and fish [13]. V. anguillarum
strains consist of a variety of serotypes, making them superficially indistinguishable from
Aeromonas [14]. Gram-negative bacteria are usually surrounded by a three-layer envelope
formed by the inner membrane (IM), also known as the cytoplasmic membrane, a thin layer
of peptidoglycan (PG), and an outer membrane (OM). The OM is an asymmetric bilayer,
with phospholipids populating the inner leaflet and lipopolysaccharide (LPSs)
predominating in the outer leaflet, known as "Endotoxin." These LPSs are assembled by
O-specific polysaccharides, core oligosaccharides and lipid A [6, 15-17].

It is widely expected that lipid A is essential for the viability of the Gram-negative
bacteria, although the O-antigen and the core oligosaccharide are always expendable. Some
exceptions to this rule are species with a dual membrane system but naturally lack lipid A,
such as Sphingomonas spp. and Treponema pallidum [18-21]. A growing number of novel
lipid A variants have been structurally characterized due to advancements in extraction,
purification, and GC- and LC of hard and soft MS ionization techniques, along with
significant improvements in mass spectrometric instrumentation. Many bacterial species
have lipid A structures substituted with diverse fatty acid chain lengths and linkages at N-
2, 0-3, N-2', and O-3' positions of B-D-GlcpN-(1— 6)-a-D- GlcpN disaccharides. In some
bacteria, lipid A contains a single type of 3-hydroxy fatty acid, while in others, ester- and
amide-linked acyl chains differ in length [21-24].

Lipid A plays a crucial role in bacterial bioactivity, including its interaction with

and activation of immune system receptors, which is highly dependent on its primary

259



structure. There are numerous structural variations of lipid A across different Gram-
negative bacterial species [21]. Lipid A is essential for bacterial viability and is responsible
for the endotoxic properties of LPS. It acts as a potent stimulator of the innate immune
system through toll-like receptor 4 (TLR4), often leading to a range of biological effects,
from enhancing resistance to infection to triggering uncontrolled immune responses, such
as sepsis or septic shock [24-28]. In many species, the presence of O-1- and O-4'-phosphate
groups of lipids A increases susceptibility to cationic antimicrobial peptides (CAMPs) [29].

Over the past few decades, significant effort has been made to elucidate the
molecular structure of LPS in V. anguillarum, focusing primarily on the specificities of O-
antigenic determinants across various serotypes. However, the structural components of
lipid A have remained undefined [6, 15-17].

In this investigation, we have used ESI-FAIMS coupled to an orbitrap mass
spectrometer and benefited from the high collision dissociation tandem mass spectrometry
(HCD-MS/MS) to propose and confirm the putative molecular and chemical structures of
this heterogenous lipid A mixture.

Furthermore, we have availed of the KMD plots, which have proven to be tools
for classifying and visualizing structurally related ions within complex heterogeneous
mixtures [30-35]. These plots rely on aligning ions with similar structural features into
distinct patterns, enabling systematic categorization. Structurally related ions align along
horizontal lines (KMD families), allowing their relationships to be readily interpreted. The
identification of a single anion within a KMD family through tandem mass spectrometry

(MS/MS) facilitates the characterization of all ions within the series. This significantly
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reduces the number of spectra required for comprehensive structural analysis, making
KMD plots particularly effective for the structural elucidation of the profiling of lipid A
molecules [30].

This work showcases the benefits of FAIMS and KMD plots in characterizing V.
anguillarum SJ-41. These findings aim to enhance the understanding of novel lipid A

structures within this important pathogen and their potential impact on immunogenicity.

5.3. Materials and Methods

5.3.1. Bacterial Culture

The original strain of V. anguillarum was isolated from sockeye salmon. It was
kindly supplied by Dr. T. P. Evelyn (Department of Fisheries and Oceans, Nanaimo,
British Columbia, Canada). This strain was added to the Northwest Atlantic Fisheries
Center, St. John’s collection as (SJ-41). The cultures were grown to medium-to-late
stationary phase in Trypticase Soy Broth without added glucose (Baltimore Biological
Laboratories Inc.) for approximately 20 hours at 25 °C with aeration at 20 L/min in a New
Brunswick MF-128S fermenter. They were then killed by the addition of 0.3% formalin
with continuous agitation for 16 hours at room temperature. Cells were subsequently
collected by centrifugation at 44,720 xg in a Sorvall SS-34 rotor, washed with 0.15 M

NaCl, lyophilized, and stored at -50 °C until required.
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5.3.2. Purification of the Lipopolysaccharides

LPS was extracted using the hot-phenol method and subsequently freeze-dried.
Stored cells (10 g) were suspended in 175 mL of deionized water and heated to 70 °C
[36]. An equal volume of 90% heated phenol was added, followed by 20 minutes of
stirring at 70 °C. After cooling on ice, the mixture was centrifuged at 1370 xg in a Sorvall
SS-34 rotor. The phenol layer was isolated, and the extraction was repeated twice. The
combined phenol layers were dialyzed, reduced under vacuum, and centrifuged at
169,570 xg for 3 hours. The resulting LPS pellet was resuspended in water, centrifuged
twice more, and lyophilized. LPS was further purified with polymyxin-coated Affi-Prep
beads, suspended in PBS (pH 7.4), washed with 0.1 M NaOH, and incubated overnight
with agitation at 251 xg . After centrifugation at 698 xg for 10 minutes, the supernatant

was collected, and the supernatants were combined, dialyzed, and lyophilized.

5.3.3. Hydrolysis of the Lipopolysaccharides
LPS (100 mg) was hydrolyzed with 1% acetic acid for 90 minutes at 100 °C. The
hydrolysate was then centrifuged at 1,790 xg for 30 minutes, resulting in the precipitation
of lipid A, while the polysaccharide remained in the aqueous phase. The lipid A was

carefully removed and subsequently washed with water.

5.3.4. ESI- FAIMS-MS, HCD-MS/MS, and Kendrick Mass Defect Plot

Negative ion mode ESI-MS was performed on an Orbitrap Fusion™ Lumos™

Tribrid™ Mass Spectrometer with a FAIMS pro interface (Thermo Scientific, Waltham,
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MA, USA)[30]. The lipid A mixture of the Gram-negative bacteria A. Vibrio anguillarum
serovar SJ-41 was dissolved in chloroform: methanol: water: triethyl ammonium acetate
(TEAA, pH =7) (1:1:0.02:0.002) at a concentration of 1 pg/uL and directly infused into
the ESI- FAIMS source at a flow rate of 3 uL/min. The spray voltage was set to 2.5 kV,
capillary temperature to 275 °C, and sheath and auxiliary gas to 2 a.u. The FAIMS
separation was accomplished with the following settings: inner electrode temperature =
100 °C, outer electrode temperature = 100 °C, FAIMS N carrier gas flow = 1.2 L/min,
asymmetric waveform with dispersion voltages (DV) = +5000 V. Compensation voltages
(CV) were scanned from 30 to 80 V with a step size of one volt at 120 K resolution, 250 —
2000 m/z range, 60% RF lens, 100% normalized automatic gain control (AGC) target, and
100 ms Maximum injection time (IT). Tandem MS was performed at specific CVs that
maximize the signal-to-noise ratio (S/N) of selected doubly charged precursor ions.
Stepped high-energy collision-induced dissociation (HCD) with three normalized HCD
energies from the 30-50% range was used for tandem MS. Data were recalibrated using
RecalOffline 4.1.2 using the palmitate background ion (theoretical m/z 281.23295) and
visualized using Freestyle software 1.8 SP1 (Thermo Scientific). Tandem MS
interpretation was done manually using ChemDraw Prime (version 23.1.1.3). The mass
list of the detected doubly charged (500-1500 m/z) was exported and used for Kendrick
analysis. The Kendrick mass defect (KMD) plots were visualized on the constellation

website (https://constellation.chemie.hu-berlin.de/). A fractional KMD base unit of CH2/2

(14.01565/2=7.007825) with a ceiling rounding function (i.e. 7.007825 was rounded up to
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anominal of 8.000000). A fractional base unit was used to enhance the separation of related

isotopologues and facilitate the visualization of structural relationships [37].

5.4. Results and Discussion

Lipid A consists of a disaccharide composed of two glucosamine sugars linked by
a B-D-(1—6) linkage, in which the fatty acid chains normally acetylated at the O-3 and N-
2 of the non-reducing end and O-3', N-2'. It also can contain a phosphate group at C-1 and
C-4' of this disaccharide. The Kdo core sugar is attached to OH-6' [38]. Lipid A structures
differ in their number of fatty acid substitutions, chain length, and types of modifications.
Additionally, the lipid A disaccharide substitutions at the O-1 and O-4' positions contribute
to its structural diversity. Despite extensive research, many lipid A structures remain
uncharacterized [21, 39].

In this study, we characterized the lipid A structure obtained from the hydrolysis of
phenol-soluble LPS of Vibrio anguillarum serovar SJ-41 strain using negative ion mode
ESI-FAIMS-MS and HCD-MS/MS, revealing a spectrum indicative of a complex

heterogeneous mixture (Figure 5-1).
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Figure 5-1. Average ESI-FAIMS-MS (CV=30 TO CV=80) of the lipid As mixture extracted from

the V.anguillarum serovar SJ-41.

This present study of lipid A benefited from the charge-based anions separation

offered by FAIMS. Using FAIMS enhances the detection of multi-charged ions usually

suppressed by the singly charged ones [30]. This allowed the detection of various doubly

charged ions, mainly in the 700-1000 m/z range.

We have chosen inter alia only six doubly charged deprotonated anions [M, - 2H]*

(where n = 1-6) from this micro-heterogenic mixture for a follow-up accomplished by HCD

tandem MS/MS analysis. The molecular structures and compositions of these six doubly

protonated molecules are shown in (Figures 5-1 and 5-2). The assignment of this series of

doubly charged anions is indicated in Table 5-1.
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Figure 5-2. Schematic representation of suggested structures of the molecular anions of the lipid

As mixture extracted from the Vibrio anguillarum serovar SJ-41.

To establish the chemical structures of this series of [Mn - 2H]* precursor anions,

we have calculated the degree of unsaturation (DU). The calculated DU was a convincing

and valuable tool in determining lipid A molecular structures of the SJ-41 strain, deducing

confirmatory proof of structure determination by mass spectrometry. It provided a

numerical value corresponding to a molecule's number of multiple bonds (double or triple)

or rings. The degree of unsaturation was calculated depending on the following equation:(1
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+[2C-H+ N+ (3 x P)] / 2), in which C, H, N., and P, are the exact numbers of atoms in

the precursor ion (Table 5-1) [40, 41].

Table 5-1. Assignments of the deprotonated lipid As molecules observed in ESI-MS analysis
extracted from the V. anguillarum serovar SJ-41.

fon numbers Diagnostic m/z Error
for Kendrick & Empirical formula m/z Observed m/z Calculated DU®
.. ion (ppm)
analysis
1 [M: - 2H]* [CosH172N202sP2 1> 913.5801 913.5792 -0.98 11
2 [Mz - 2H]* [Co3H174N2027P2]* 906.5897 906.5894 -0.33 10
3 [Ms - 2H]* [Cs1H150N2027P2]* 822.4969 822.4956 +1.58 10
4 [Mq4 - 2H]* [Cs1H152N2026P2]* 815.5066 815.5060 +0.73 9
5 [Ms - 2H]* [Cs1H150N2026P2]* 814.5003 814.4982 +2.57 10
1418.7979/2=
- 2- 2-

6 [Ms - 2H] [C67H124N2025P2] 709.4007 709.3989 +2.53 9

aSimplified ion numbers 1-6 will be used later in the Kendrick mass defect analysis.
®The degree of unsaturation (DU) is a calculation that determines the total number of rings and m bonds.

It was proposed that all these lipid As contained di-phosphorylated acylated located
at the O-1 anomeric position reducing end and O-4' of the non-reducing end of these series
of D-glucosamine disaccharide backbones, with one glycerol phosphate group at the O-1
position, as shown in (Figures 5-2). To our knowledge, this is the first report of lipid A
structures that was ever reported that contain phospho-glycerol at the O-1 anomeric
position of the glucosamine-reducing end of this series M1-Mg molecules.

The proposed structures of these series of lipids were established by performing
HCD-MS/MS analysis of their respective deprotonated molecules. We elucidate the

MS/MS fragmentation in the following sections.
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5.4.1.1. HCD-MS/MS of the Precursor Anion [M; - 2H]? at m/; 913.5801
HCD-MS/MS of the precursor anion / at m/z 913.5801, which was assigned as the
doubly charged deprotonated anion having a formula [Co3H;i72N202sP2]*, which
corresponded to a neutral molecular mass of 1829.1728 Da, as shown in the Figures 5-3.
In Figures 5-3 B, the low mass region of the spectrum highlighted a consistent of
peak at m/z 171, corresponding to the assigned phospho-glycerol region, corresponding to
its location on the O-1 position of the disscacharide glucosamine backbone. This peak
appeared uniformly across all different precursor ions in the MS/MS spectrum and
fragmentation routes of the main backbone of the acylated B-D-GlcpN-(1—6)-a-D-GlcpN
disaccharide. Since this peak is identical across the different spectra, it was omitted from

further figures to avoid redundancy.
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The HCD-MS/MS analysis of the precursor anion [M; - 2H]? anion at m/z 913.5801
produced inter alia a series of singly charged product ions observed at m/z values of
1656.1392, 1455.9637, 1257.8036, 1059.6435, 972.5755, 930.5657, 831.4370, 732.4057,

588.2183,504.1974, 444.1764, and 171.0052. These fragmentation routes were detailed in

Scheme 5-1 and Table 5-2.
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Scheme 5-1. Proposed fragmentation pathways of the selected precursor anion [M; - 2H]*

913.5801 in HCD-MS/MS analysis.
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Table 5-2. The assignments of the diagnostic product ions in HCD-MS/MS analysis of the [M; -
2H]* anion at m/z 913.5801.

Diagnostic ion Empirical formula m/z Observed m/z Calculated m/z Error (ppm)
[M: - phospho-glycerol - H] [CooH164N>02P] 1656.1392 1656.1519 7.6
[M; - phospho-glycerol - (C12:0) acid - H] [C7sH140N2020P] 1455.9637 1455.9743 -7.2
(M - fg?;pgfzgéy};)e;iltégzgf acid - [CesH11sN201sPT 1257.8036 1257.8123 6.9
(M - phozg};‘;%lécgoél 5%1))2 ;OC%'_OH}?) ketenel o HoNoO1PT 1059.6435 1059.6503 6.4
[%Aa - (Clz:g(f Z%))Cll(gtggl Efcligf (CIZ0G-0- 16 HoNOwPT 972.5755 972.5819 65
[*As - (8;8)()3 k(zt;f[o gz;cg] _((11{11,2:0(3'0' [CasHssNOwP] 930.5657 930.5713 6.0
T o el canonr | wie | s |
[%As - (C12:03-0-C12:0)) acid - H] [C36HeaNOLPT 732.4057 732.4093 49

[M - phospho-glycerol - (C12:0(3-OH)) ketene
- (C12:0(3-0-C12:0)) acid - (C14:0) acid - NH- [C26H30NO12P] 588.2183 588.2215 -5.4
C14:0(3-OH) - H]

[°4A; - (C12:0(3-0-C12:0)) acid - (C14:0) acid

i [C2oH3sNOwP] 504.1974 504.2004 59

B - (C12:0(3-0-C12:0)) acid - (C14:0) acid -

[Br - (C12:0( H]),) acid - (C14:0) aci [C2oH3NOsPT 444.1764 4441793 -6.5
phospho-glycerol group [C3HsO6PT 171.0052 171.0064 -7.0

The first product anion at m/z 1656.1392 was formed by losing a phospho-glycerol
group (171.0064 Da) from the O-1 position of the lipid A disaccharide anion. This loss
resulted in the ion being assigned as [M; - phospho-glycerol - H]". The subsequent loss of
a (C12:0) acid (200.1755 Da) located at the O-3' position generated the product anion at
m/z 14559637, assigned as [M; - phospho-glycerol - (C12:0) acid - H]. Further

fragmentation of this ion involved cyclic cleavage (*?A>) at the reducing sugar (267.2157
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Da) followed by loss of (C12:0(3-OH)) acid (216.1725 Da) from O-3 position to produce
m/z 972.5755, which was assigned [*?A; - (C12:0(3-OH)) acid - (C12:0(3-OH)) ketene -
HJ. A secondary cyclic cleavage (42.0106 Da) led to the formation of an anion at m/z
930.5657, which was designated as [*?A, - (C12:0(3-OH)) acid - (C12:0(3-OH)) ketene -
[C2H20] - H].

Additional fragmentation of the anion at m/z 1455.9637 included the loss of a
(C12:0(3-OH)) ketene (198.1601 Da) located at O-3 position to produce m/z 1257.8036
anions, which was assigned as [Mi - phospho-glycerol - (C12:0) acid - (C12:0(3-OH))
ketene - H]". The subsequent elimination of (C12:1(2)) acid (198.1601 Da) at O-3' position,
resulting in the formation of a product anion at m/z 1059.6435, designated as [M; -
phospho-glycerol - (C12:0(3-OH) ketene - (C12:0(3-O-C12:0)) acid- H]". Further loss of a
(C14:0) acid located at the N-2' position generated a product anion at m/z 831.4370, which
was denoted as [M; - phospho-glycerol - (C12:0(3-OH) ketene - (C12:0(3-O-C12:0)) acid
- (C14:0) acid - H]". The removal of an (NH-C14:0(3-OH)) group (243.2187 Da) from the
reducing sugar part at the N-2 position generated the at m/z 588.2183, which was assigned
as [phospho-glycerol - (C12:0(3-OH) ketene - (C12:0(3-O-C12:0)) acid - (C14:0) acid -
NH-C14:0(3-OH) - H]..

The anion at m/z 1059.6435 also underwent sugar ring cleavage (“*A») of the
reducing sugar part (327.2378 Da) position to form anion at m/z 732.4057, which was
assigned as [**A; - (C12:0(3-O-C12:0)) acid - H]". Further elimination of a (C14:0) acid
(228.2065 Da) from the branched fatty acid located at the N-2' position of this latter anion

led to the formation of anion at m/z 504.1974, which was assigned as [**A, - (C12:0(3-O-
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C12:0)) acid - (C14:0) acid - H]". Glycosidic cleavage of the B-D-GlcpN-(1—6)-a-D-
GlcpN disaccharide backbone produced anion at m/z 444.1764, which was assigned as [B1
(C12:0(3-0-C12:0)) acid - (C14:0) acid - H]". The chemical structure of the latter ion at
m/z 444.1764 clearly confirms the presence of the dihydroxy C14:1 fatty acid.

From the HCD-MS/MS fragmentation routes, we speculated that the doubly
charged anion, [M; - 2H]* at m/z 913.5801 (DU = 11), was attributed as a deprotonated
lipid of a hexa-acylated B-D-GlcpN-(1—6)-a-D-GlcpN disaccharide, where the N-2 and
O-3 free positions of the reducing sugar were substituted with 3-hydroxy-myristic acid
(C14:0(3-OH)) and 3-hydroxy-lauric acid (C12:0(3-OH), respectively. Additionally, the N-
2" and O-3'-free positions of the non-reducing sugar were substituted with 11-hydroxy
myristoic acid-3-oxy-lauryl group (C14:1(9)) (3-O-C14:0((11-OH)) and lauric acid-3-oxy-
lauroyl group (C12:0(3-O-C12:0)), respectively. It should be noted that the two hydroxyl
groups on myristoleic acid were putatively added to carbon 3 and carbon 11. Similarly,
lauryl hydroxyl group can be either on C-2 or C-3. Further studies are needed to confirm
the positions of double bonds and hydroxyl groups in all proposed structures described in

this manuscript.

5.4.1.2. HCD-MS/MS of the Precursor Anion [M: - 2H]? at m/z 906.5897
HCD-MS/MS of the precursor ion 2 at m/z 906.5897 has a formula
[Co3H17aN2029P2]2, was attributed to a neutral molecular mass of 1815.1936 Da, as shown

in the Figures 5-4.
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Figure 5-4. HCD-MS/MS of lipid A [M, - 2H]* anion at m/z 906.5897 extract from V. anguillarum
serovar SJ-41.

Proposed fragmentation pathways of the selected doubly charged precursor ion in
HCD-MS/MS analysis of the [M - 2H]* at m/z 906.5897, which produced a series of singly
charged product ions observed at m/z values of 1642.1722, 1441.9863, 1243.8225,
1045.663, 958.5954, 835.4675, 736.436, 718.4301, 591.2657, 490.2179, and 430.197, as

shown in Scheme 5-2 and detailed in Table 5-3.
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Scheme 5-2. Proposed fragmentation pathways of the selected precursor anion [M, - 2H]* at m/z

906.5897in HCD-MS/MS analysis.

Table 5-3.The assignments of the diagnostic product anions in HCD-MS/MS analysis of the [M; -

2H]* anion at m/z 906.5897.

Diagnostic ion

Empirical formula

m/z Observed

m/z Calculated | m/z Error (ppm)

[M: - phospho-glycerol - H]

[CooH166N2021P]

1642.1722

1642.1726 -0.2

[M: - phospho-glycerol - (C12:0) acid - H]"

[C7sH142N2019P]

1441.9863

1441.995

[M: - phospho-glycerol - (C12:0) acid - (C12:0(3-
OH)) ketene - H]

[Ce6H120N2017P]

1243.8225

1243.833
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[°2A; - 2((C12:0(3-OH) acid) - H] [CsoHsoNOwP] 958.5954 958.6026 1.5
s e ey | €m0l 1 asas | s | 2
[*2Az - (C12:0(3-0-C12:0) ketene - [C:H,0] - H] | [C3sHs7NOwRPT 736.436 736.4406 -6.2

[**Az2- C12:0(3-0-C12:0) acid - H] [CsHesNOnPJ 718.4301 718.4301 0

[M2 - phospho-glycerol - (C12:0(3-OH) acid - [C26H4sN2011 P
(C12:0 (3-0-C12:0) acid - (C14:0(3-0-C14:0) 591.2657 591.2688 52
ketene - H]
[**Az - (C14:0) acid- C12:0(3-0-C12:0) acid - H] |  [C22Hz7NOoPT 490.2179 490.2211 -6.5
[Bi - (C14:0) acid- C12:0(3-0-C12:0)) acid - H]" [C20H33sNO7PT 430.197 430.2 -6.9
phospho-glycerol group [C3HsO6P] 171.0052 171.0064 -7.0

The precursor anion, [M> - 2H]*, at m/z 906.5897, underwent multiple
fragmentation pathways, revealing detailed structural insights. The first product anion at
m/z 1642.1722 was formed by losing a phospho-glycerol group (171.0064 Da) from the O-
1 position of the lipid A disaccharide anion. This loss resulted in the ion being assigned as
[M2 - phospho-glycerol - H]". Further fragmentation of this anion led to the loss of a loss
of a (C12:0) acid (200.1755 Da) located at the O-3' position, forming the product anion at
m/z 1441.9950, assigned as [M> - phospho-glycerol - (C12:0) acid - H]". This latter anion
then underwent cyclic cleavage (“2A») at the reducing sugar (267.2157 Da) followed by
loss of ((C12:0(3-OH)) acid (216.1725 Da) from O-3 position to produce m/z 958.6026,
which was assigned [*?A - 2((C12:0(3-OH) acid) - H]. This was further followed by
secondary cyclic cleavage (42.0106 Da) and elimination of (C12:1) ketene from the O-3'
position, which led to the production of an anion at m/z 736.436, which was assigned as

[°2A, - (C12:0(3-O-C12:0) ketene - [C2H,0] - HT.
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Additional fragmentation of the anion at m/z 1441.9950 involved the loss (C12:0(3-
OH)) ketene (198.1601 Da) located at O-3 position to produce m/z 1243.8225 anions,
which was assigned as [M2 - phospho-glycerol - (C12:0) acid - (C12:0(3-OH)) ketene - H]
. Following this initial ketene loss, an additional (C12:1(2)) acid (198.1601 Da) was lost
located at O-3' position, resulting in the formation of a product anion at m/z 1045.6630,
designated as [M> - phospho-glycerol - (C12:0(3-OH)) ketene - (C12:0 (3-O-C12:0(3-OH))
acid - H]". Further fragmentation by the loss of an additional (C14:0) ketene (210.1983 Da)
located at the N-2' position, generating a product anion at m/z 835.4675, which was denoted
as [M2 - phospho-glycerol - (C12:0(3-OH)) ketene - (C12:0 (3-O-C12:0) acid - (C14:0)
ketene - H]~ Further loss involving the removal of a (C14:0(3-OH)) ketene (228.2089 Da)
from the N-2' position and water molecule from the hydroxyl group at O-3 position,
resulting in an anion at m/z 591.2657, which was assigned as [M> - phospho-glycerol -
C12:0(3-OH) acid -C12:0(3-0-C12:0) acid - C14:0(3-O-C14:0) ketene - HJ.

The anion at m/z 1045.6630 also underwent sugar ring cleavage (“*A») of the
reducing sugar part (3327.2329 Da) to form anion at m/z 718.4301, which was assigned as
[%4A; - (C12:0(3-O- C12:0) acid - H]". Further loss of (C14:0) acid (228.2065 Da) located
at the N-3' position of this latter anion led to the formation of anion at m/z 490.2179, which
was assigned as [**A; - (C14:0) acid - (C12:0(3-O- C12:0) acid - H]". The product anion at
m/z 430.1970 was formed by glycosidic cleavages of the B-D-GlcpN-(1—6)-a-D-GlcpN
disaccharide backbone, resulting in the non-reducing D-GlcpN-H2POs species, which was

assigned as [B1 - (C14:0) acid - (C12:0(3-O- C12:0) acid - H]..
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This anion at m/z 430.1970 was less than the diagnostic m/z 444.1764 detected in
the MS/MS of the previous ion at m/z 913.5801 by 13.98 Da (minus oxygen plus Hz - -
15.99 + 2.01=13.98 Da). This clearly confirmed that m/z 906.5897 did not have an extra
hydroxyl group and/or a double bond on the fatty acyl chain at the N-3' position as in the
case of m/z 913.5725. For this reason, the chemical composition of the anion at m/z 906.582
was also less than that at m/z 913.5801 by 13.98 Da (-O plus Hz). This clearly explained
that it was important to overlay the MS/MS spectrum of different precursor anions in order
to figure out the structural difference that led to the mass shift of some diagnostic ions,
such as the case of m/z 430.1970 and m/z 444.1764 originated from the precursor ions at
m/z 906.5897 and m/z 913.5801 respectively.

From the HCD-MS/MS fragmentation routes, we speculated that the doubly
charged anion, [M; - 2H]* at m/z 906.5897 (DU = 10), was assigned as a deprotonated lipid
of a hexa-acylated B-D-GlcpN-(1—6)-0-D-GlcpN disaccharide, where the N-2 and O-3
free positions of the reducing sugar were substituted with C14:0(3-OH) and C12:0(3-OH),
respectively. Additionally, the N-2' and O-3'-free positions of the non-reducing sugar were
substituted with myristic acid-3-oxy-myristoyl group (C14:0 (3-O-C14:0) and (C12:0(3-

0-C12:0), respectively.

5.4.1.3. HCD-MS/MS of the Precursor Anion [M; - 2H]2 at m/z 822.4969
HCD-MS/MS of the precursor ion 3 at m/z 822.4969 has a formula
[Cs1H150N2027P2]2, which corresponded to a neutral molecular mass of 1647.0058 Da, as

shown in the Figures 5-5.
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Figure 5-5. HCD-MS/MS of lipid A [M; - 2H]* ions at m/z 822.4969 extract from V. anguillarum
serovar SJ-41.

Proposed fragmentation pathways of the selected precursor doubly charged anion
in HCD-MS/MS analysis of the [M3 - 2H]* at m/z 822.4969, which produced singly
charged series of product ions observed at m/z values of 1473.9731, 1275.813, 1077.6529,
1059.6526, 972.5748, 849.447, 831.4367, 732.4052, 588.2181, 504.1972, 444.1762, and

171.0052, as shown in Scheme 5-3 and detailed in Table 5-4.
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Scheme 5-3. Proposed fragmentation pathways of the selected precursor anion [Ms - 2H]* at m/z

822.4969 in HCD-MS/MS analysis.
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Table 5-4. The assignments of the diagnostic product anions in HCD-MS/MS analysis of the [M; -

2H]* anion at m/z 822.4969.

Diagnostic ion Empirical formula | m/z Observed | m/z Calculated | m/z Error (ppm)

[M3 - phospho-glycerol - H] [C7sH142N2021P]* 1473.9731 1473.9848 -7.9

[M3 - phospho-glycerol - (C12:0(3-OH)) ketene - H] | [CesHi120N2019P] 1275.813 1275.8228 -7.6
[M3 - phospho-glycerol -}Iz]g(CIZ:O(3-OH)) ketene) - [Cs:HosN2017PT 1077.6529 10776609 74
[Ms - ph“"f’gé%i;f(g}'l)()c alcziéo_(i'l?m) ketene |1 HuNaOWPT | 1059.6526 1059.6503 21
[*?A; - ((C12:0(3-OH)) acid - H20 - H] [CsoHs7NO1sP] 972.5748 972.5819 -7.3

(M - phOSphO'gl(yéif:lo; ig(igﬁ(}G-OH)) ketene) - | NP 849.447 849.4519 57
e i | (oo | v | v | s
[*4A; - (C12:0(3-OH)) acid - H] [C36HesNO12PT 732.4052 732.4093 -5.6

[1\/([3C1 g%‘gpg‘;{%;y:;ii"l N(P(;lczlg(é(?lé)})li‘et;e . [Ca6H3oNOLPT 588.2181 588.2215 57

[**A - (C12:0(3-OH)) acid - (C14:0) acid - H]" [C22H3sNO10P] 504.1972 504.2004 -6.35

[Bi - (C12:0(3-OH)) acid - (C14:0) acid - H] [C20H31NOsP] 444.1762 444.1793 -6.98

phospho-glycerol group [C3HsO6P] 171.0052 171.0064 -7.02

The precursor anion [Ms - 2H]* at m/z 822.4969 underwent multiple fragmentation
pathways. The first product anion at m/z 1473.9731 was formed by losing a phospho-
glycerol group (171.0064 Da) from the O-1 position of the lipid A disaccharide anion,
resulting in the assignment [M3 - phospho-glycerol - H]". This anion then underwent cyclic
cleavage (*?A») at the reducing sugar (267.2157 Da), followed by the loss of a water

molecule from the hydroxyl group at the O-3' position and loss of (C12:0(3-OH)) acid
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(216.1725 Da) from O-3 position, which form 2H-oxet-4-ol to produce m/z 972.5755,
which was assigned [“?A; - (C12:0(3-OH)) acid - H,O - H].

Additional fragmentation of the anion at m/z 1473.9731 included the loss of
(C12:0(3-OH)) ketene (198.1601 Da) at O-3 position to produce m/z 1257.8130 anion,
which was assigned as [M3 - phospho-glycerol - (C12:0(3-OH)) ketene - H]". Subsequently,
the latter anion lost an additional ((C12:0(3-OH)) ketene (198.1601 Da) from the O-3'
position, resulting in the formation of a product anion at m/z 1077.6529, designated as [M3
- phospho-glycerol - 2((C12:0(3-OH) ketene) - H]". Further fragmentation included the loss
of an additional (C14:0) acid from the branched fatty acid located at the N-2' position,
generating a product anion at m/z 849.447, which was denoted as [M3 - phospho-glycerol
- 2((C12:0(3-OH)) ketene) - (C14:0) acid - HJ.

The anion at m/z 1275.8130 also underwent loss of a (C12:0(3-OH)) acid (216.1725
Da) from O-3' position, resulting in the formation of a product anion at m/z 1059.6526,
designated as [M3 - phospho-glycerol - (C12:0(3-OH)) ketene - (C12:0(3-OH)) acid - HJ".
Further loss of a (C14:0) acid from the branched fatty acid located at the N-2' position,
generating a product anion at m/z 831.4367, which was denoted as [M3 - phospho-glycerol
- (C12:0(3-OH)) ketene - (C12:0(3-OH)) acid - (C14:0) acid - H]". An additional loss of an
(NH-C14:0(3-OH)) group (243.2187 Da) from the reducing sugar part at the N-2' position
generated the product anion at m/z 588.2181, assigned as [M; - phospho-glycerol -
(C12:0(3-OH)) ketene - (C12:0(3-OH)) acid - (C14:0) acid - NH-C14:0(3-OH) - HJ".

The anion at m/z 1059.6435 also underwent sugar ring cleavage (“*A») of the

reducing sugar part (327.2474 Da) to form an anion at m/z 732.4052, which was assigned
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as [>*A, - (C12:0(3-OH)) acid - H]". Further elimination of a (C14:0) acid (228.2065 Da)
located at the N-2' position of this latter anion led to the formation of anion at m/z 504.1972,
which was assigned as [**A - (C12:0(3-OH)) acid - (C14:0) acid - H]". Glycosidic cleavage
of the the B-D-GlcpN-(1—6)-a-D-GlcpN disaccharide backbone produced anion at m/z
444, identified as [B1 - (C12:0(3-OH)) acid - (C14:0) acid - H], representing the non-
reducing D-GlcpN-H>POy4 species.

From the HCD-MS/MS fragmentation routes, we speculated that the doubly
charged anion, [M3 - 2H]* at m/z 822.4969 (DU = 10), was assigned as a deprotonated lipid
of a penta-acylated B-D-GlcpN-(1—6)-0-D-GlcpN disaccharide, where the N-2 and O-3
free position of the reducing sugar was substituted with C14:0(3-OH) and C12:0(3-OH).
Additionally, the N-2' and O-3'-free positions of the non-reducing sugar were substituted

with (C14:1(9)(3-O-C14:0)(11-OH) and C12:0(3-OH), respectively.

5.4.1.4. HCD-MS/MS of the Precursor Anion [My- 2H]? at m/z 815.5066
HCD-MS/MS of the precursor ion 4 at m/z 815.5066 has a formula
[Cs1H152N2026P2]2, which corresponded to a neutral molecular mass of 1633.0265 Da, as

shown in the Figures 5-6.
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Figure 5-6. HCD-MS/MS of lipid A [M4 - 2H]* anion at m/z 815.5066 extract from V. anguillarum
serovar SJ-41.

Proposed fragmentation pathways of selected doubly charged precursor ion in
HCD-MS/MS analysis of the [M4 - 2H]* at m/z 815.5066, which produced singly charged
series of product ions observed at m/z values of 1459.9936, 1261.8334, 1063.6739,
1045.6636, 976.6065, 958.5959, 835.4677, 718.4263, 490.2181, 430.1971, and 171.0052,

as shown in Scheme 5-4 and detailed in Table 5-5.
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815.5066 in HCD-MS/MS analysis.
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Table 5-5. Assignments of the diagnostic product ions in HCD-MS/MS analysis of the [M4 - 2H]*

anion at m/z 815.5066.

Diagnostic ion Empirical formula | m/z Observed | m/z Calculated | m/z Error (ppm)
[M4 - phospho-glycerol - H] [C7sH144N2020P] 1459.9936 1460.0056 -8.2
[Ms - phospho-glycerolﬁ]{C12:0(3-OH)) ketene - [CosHizaN2O1sP] 1261.8334 1261.8436 80
[M4 - phospho-glycerol -1{2](—((:12:0(3-0}1)) ketene) - [CsH100N2016P] 1063.6739 1063.6816 72
[Ms - phos"?ggi)c(zr_‘gﬁ;c ; Czifﬂ'l(]),m) ketene - | HouNaOPT | 1045.6636 1045.671 7.0
[*?A; - (C12:0(3-OH)) acid - H] [Cs0Ho1NO1sP] 976.6065 976.6132 -6.8
[*?A; - (C12:0(3-OH)) acid - H,O - H] [CsoHsoNO14P] 958.5959 958.6026 -6.9
[M4(-C1;121<:>g?3h_ gﬁ)y)czﬂ Egiiggigg]g kg;m ¢ | [CwoHnN01PT 835.4677 835.4727 -5.9
[*4A;- (C12:0(3-OH)) acid - H] [C36HesNO1P] 718.4263 718.4301 -5.2
[*A; - (C12:0(3-OH)) acid - (C14:0) acid - H] [C22H37NO9P] 490.2181 490.2211 -6.1
[Bi- (C12:0(3-OH)) acid - (C14:0) acid - H] [C20H33NO7PT 430.1971 430.2 -6.7
phospho-glycerol group [C3HsO6P]- 171.0052 171.0064 -7.0

The precursor anion [M4 - 2H]* at m/z 815.5066 underwent multiple fragmentation
pathways. The first product anion at m/z 1459.9936 was formed by losing a phospho-
glycerol group (171.0064 Da) from the O-1 position of the lipid A disaccharide anion. This
loss resulted in the ion being assigned as [Ms - phospho-glycerol - H]". This anion then
underwent cyclic cleavage (*?A») at the reducing sugar (267.2157 Da) followed by loss of
(C12:0(3-OH)) acid (216.1725 Da) from O-3 position, which formed 2H-oxet-4-ol to
produce m/z 976.6065, which was assigned as [*?A» - (C12:0(3-OH)) acid - H]". This was

followed by the elimination of water molecule from the hydroxyl group at (C12:0(3-OH)
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fatty acid at O-3' position, which led to the production of an anion at m/z 958.5959, which
was assigned as [*?A; - (C12:0(3-OH)) acid - HO - HJ".

Additional fragmentation of the anion at m/z 1459.9936 involved the elimination of
a (C12:0(3-OH) ketene (198.162 Da) located at the O-3 position of the previous product
anion to form m/z 1261.8334, which was assigned as [M4 - phospho-glycerol - (C12:0(3-
OH) ketene - H]. Further fragmentation included elimination of (C12:0(3-OH) ketene
(198.162 Da) located at the O-3' position led to form m/z 1063.6739, which was assigned
as [M4 - phospho-glycerol - 2((C12:0(3-OH)) ketene) - HJ.

Moreover, the anion at m/z 1261.8443 also underwent the elimination of (C12:0)
(3-OH) acid (216.1725 Da) located at the O-3' position led to the form m/z 1045.6636,
which was assigned as [M4 - phospho-glycerol - (C12:0(3-OH) ketene - (C12:0(3-OH) acid
- HJ. Further fragmentation involved the loss of a (C14:0) ketene (210.1983 Da) from the
branched located at the N-2' position, generating a product anion at m/z 835.4677, which
was denoted as [Ms - phospho-glycerol - (C12:0(3-OH) ketene - (C12:0(3-OH) acid -
(C14:0) ketene - HJ".

The anion at m/z 1045.6636 also underwent sugar ring cleavage (“*A») of the
reducing sugar part (326.2373 Da) to form anion at m/z 718.4263, which was assigned as
[%4A; - (C12:0(3-OH)) acid - H]". Further loss of (C14:0) acid (228.2065 Da) the branched
located at the N-2' position of this latter anion led to the formation of anion at m/z 490.2181,
which was assigned as [**A, - (C12:0(3-OH) acid - (C14:0) acid - H]. Glycosidic

cleavages of the B-D-GlepN-(1—6)-a-D-GlcpN disaccharide backbone produced the
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product anion at m/z 430.1971, which was assigned as [B; - (C12:0(3-OH) acid - (C14:0)
acid - HJ, corresponding to the non-reducing D-GlcpN-H>POy4 species.

From the HCD-MS/MS fragmentation routes, we speculated that the doubly
charged anion, [M4 - 2H]* at m/z 815.5066 (DU = 9), was assigned as a deprotonated lipid
of a penta-acylated B-D-GlcpN-(1—6)-0-D-GlcpN disaccharide, where the N-2 and O-3
free positions of the reducing sugar were substituted with C14:0(3-OH), C12:0(3-OH),
respectively. Additionally, the N-2' and O-3'-free positions of the non-reducing sugar were

substituted with C14:0(3-O-14:0) and C12:0(3-OH), respectively.

5.4.1.5. HCD-MS/MS of the Precursor Anion [Ms- 2H]? at m/z 814.5003
HCD-MS/MS of the precursor ion 5 at m/z 814.5003 has a formula
[Cs1H150N2026P2]2, which corresponded to a neutral molecular mass of 1631.0109 Da, as

shown in the Figures 5-7.
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Figure 5-7. HCD-MS/MS of lipid A [Ms - 2H]* anion at m/z 814.5003 extract from V. anguillarum
serovar SJ-41.
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Proposed fragmentation pathways of the selected precursor anions [Ms - 2H]* at

m/z 814.5003, which produced singly charged series of product ions observed at m/z values

of 1457.9791,

1259.8184,

1229.772, 1061.6585,

1043.6483, 956.5805, 833.4521,

716.4104, 488.2023, 428.1813, and 171.0053, as shown in Scheme 5-5 and detailed in

Table 5-6.
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Scheme 5-5. Proposed fragmentation pathways of the selected precursor anion [Ms - 2H]* at m/z
814.5003 in HCD-MS/MS analysis.

Table 5-6. Assignments of the diagnostic product anions in HCD-MS/MS analysis of the [Ms -
2H]* anion at m/z 814.5003.

Diagnostic ion Empirical formula | m/z Observed | m/z Calculated | m/z Error (ppm)
[Ms - phospho-glycerol - H]" [C7sH142N2020P] 1457.9791 1457.9899 -7.4
[Ms - phospho-glycerol - (C12:0(3-OH)) ketene - H] | [CesHi120N2015P] 1259.8184 1259.8279 -7.5
[M:s - phospho-glycerol - (C14:0) acid - H] [CeaH11aN2015P] 1229.772 1229.781 -7.3
[M:s - phospho-glycerol -}Iz]g(CIZ:O(3-OH)) ketene) - [Cs:HosN2O1P] 1061.6585 1061.6659 69
[Ms - phos"?g’lgzl:yoc(‘;r_‘gﬁg)c iczif(_z(])m) ketene - 1o HoNaO 1P 1043.6483 1043.6554 -6.8
[*?Az - ((C12:0(3-0OH)) acid - H,0 - H] [CsoHs7NO14P]" 956.5805 956.587 -6.7
s o | o | ws | s | s
[*#A2- (C12:0(3-0OH)) acid - H] [C36HeNO11P] 716.4104 716.4144 -5.5
[*#Az - (C12:0(3-OH)) acid - (C14:0) acid - H]" [C22H35NOoP] 488.2023 488.2055 -6.5
[B1 - (C12:0(3-OH)) acid - (C14:0) acid - H]" [C20H31NO7P] 428.1813 428.1844 -7.2
phospho-glycerol group [C3HsO6P]- 171.0053 171.0064 -6.4

The precursor anion [Ms - 2H]* at m/z 814.5003 underwent multiple fragmentation
pathways. The first product anion at m/z 1457.9691 was formed by losing a phospho-
glycerol group (171.0064 Da) from the O-1 position of the lipid A disaccharide anion. This
loss resulted in the ion being assigned as [Ms - phospho-glycerol - H]. This anion then
underwent cyclic cleavage (*?A») at the reducing sugar (267.2157 Da), followed by the

loss of a water molecule from the hydroxyl group at the O-3' position. Furthermore, loss of
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(C12:0(3-OH)) acid (216.1725 Da) from position O-3 to produce m/z 956.5805, which was
assigned as [*?A; - (C12:0(3-OH)) acid - H>O - HJ".

Additional fragmentation of the anion at m/z 1457.9791 involved the loss of the
(C14:0) acid (228.2089 Da) from the branched fatty acid at the N-2' position, forming the
product anion at m/z 1229.772, which was assigned as [Ms - phospho-glycerol - (C14:0)
acid - H]. Another fragmentation pathway the anion at m/z 1457.9791 included the
elimination of (C12:0(3-OH) ketene (198.162 Da) located at the O-3 position led to the
form m/z 1259.8184, which was assigned as [Ms - phospho-glycerol - (C12:0(3-OH))
ketene - H]. Following this initial ketene loss, an additional ((C12:0(3-OH)) ketene
(198.1601 Da) was lost from O-3' position, resulting in the formation of a product anion at
m/z 1061.6585, which was assigned as [Ms - phospho-glycerol - 2((C12:0 (3-OH)) ketene)
- H]". Furthermore, the anion at m/z 1259.8184 lost ((C12:0(3-OH)) acid (216.1725 Da)
was lost from O-3' position, producing product anion at m/z 1043.6554, which was assigned
as [Ms - phospho-glycerol - (C12:0 (3-OH)) ketene - (C12:0 (3-OH)) acid - HJ".

The anion at m/z 1043.6554 also underwent sugar ring cleavage (“*A») of the
reducing sugar part (327.245 Da) to form anion at m/z 716.4104, which was assigned as
[%#A; - (C12:0 (3-OH)) acid - H]". Further fragmentation included the loss of (C14:0) acid
(228.2065 Da) located at the N-2' position, led to the formation of anion at m/z 488.2023,
which was assigned as [**A; - (C12:0 (3-OH)) acid - (C14:0) acid - H]". The product anion
at m/z 428.1813 was formed by glycosidic cleavages of the f-D-GlcpN-(1—6)-0-D-GlcpN
disaccharide backbone, resulting in the non-reducing D-GlcpN-H2POs species, which was

assigned as [B1 - (C12:0 (3-OH)) acid - (C14:0) acid - HJ.
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From the HCD-MS/MS fragmentation routes, we speculated that the doubly
charged anion, [Ms - 2H]* at m/z 814.5003 (DU = 10), was assigned as a deprotonated lipid
of a penta-acylated B-D-GlcpN-(1—6)-a-D-GlcpN disaccharide, where the N-2 and O-3-
free positions of the reducing sugar were substituted with C14:0(3-OH) and C12:0(3-OH),
respectively. Additionally, the N-2' and O-3'-free positions of the non-reducing sugar were

substituted with (C14:1(9)(3-0-C14:0) and C12:0(3-OH), respectively.

5.4.1.6. HCD-MS/MS of the Precursor Anion [Ms- 2H]? at m/z 709.4007
HCD-MS/MS of the precursor ion 6 at m/z 709.4007 has a formula
[Co7H124N2025P2]2, which corresponded to a neutral molecular mass of 1420.8125 Da, as

shown in the Figures 5-8.
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Figure 5-8. HCD-MS/MS of lipid A [Ms - 2H]* anion at m/z 709.4007 extract from V. anguillarum
serovar SJ-41.

Proposed fragmentation pathways of the selected doubly charged precursor ion in

HCD-MS/MS analysis of the [Ms - 2H]*" at m/z 709.4007, which produced singly charged

292



series of product ions observed at m/z values of 1247.7814, 1049.6213, 1031.6107,
851.4412, 833.4518, 815.4412, 746.3839, 524.2231, 506.2125, 428.1813, and 171.0052,

as shown in Scheme 5-6 and detailed in Table 5-7.
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Scheme 5-6. Proposed fragmentation pathways of the selected precursor anion [Ms - 2H]* at m/z
709.4007 in HCD-MS/MS analysis.
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Table 5-7. The Assignments of the diagnostic product ions in HCD-MS/MS analysis of the [Ms -
2H]* anion at m/z 709.4007.

Diagnostic ion Empirical formula | m/z Observed | m/z Calculated | m/z Error (ppm)
[Ms - phospho-glycerol - HJ" [CsaH116N2019P] 1247.7814 1247.7915 -8.0
[Ms - phospho-glycerol - C12:0(3-OH)) ketene - H] [Cs2HoaN2017P] 1049.6213 1049.6296 7.9
[Ms - phospho-glycerol - (C12:0(3-OH)) acid - H]" [ [Cs2H92N2016PT 1031.6107 1031.619 -8.0
[Ms - phospho-glycerol -}Iz]g(CIZ:O(3-OH)) ketene) - [C40H6sN2013P] 3514412 351.4465 62
[Ms - phosp(h((:)él:}(;c(e;f)(l)ﬁ()?;i;g(ﬁ;ﬁﬁ)) ketene - [C40H70N2014P] 33.4518 833457 62
[Ms - phospho-glycerol - 2((C12:0(3-OH)) acid) - HI' [ [CaoH72N2015PT 815.4412 815.4465 -6.5
[**A - (C12:0(3-OH)) acid - H" [C36HesNO14P] 746.3839 746.3992 220
[**Az - (C12:0(3-OH)) ketene - H] [C22H3oNONPT 524.2231 5242266 -6.6
[**Az - (C12:0(3-OH)) acid - H] [C2H3NOwPT 506.2125 506.2161 7.1
[B1 - (C12:0(3-OH)) acid - H20 - H] [C20H31NO7P] 428.1813 428.1844 72
phospho-glycerol group [C3HsO6P]- 171.0052 171.0064 -7.0

The precursor anion [Ms - 2H]* at m/z 709.4007 underwent multiple fragmentation
pathways. The first product anion at m/z 1247.7814 was formed by losing a phospho-
glycerol group (171.0064 Da) from the O-1 position of the lipid A disaccharide anion. This
loss resulted in the ion being assigned as [Mg - phospho-glycerol - H]". This latter anion
then underwent cyclic cleavage (“?A») at the (41.027 Da) followed by loss of (C12:0(3-
OH)) acid (216.1725 Da) from position O-3 to produce m/z 746.3839, which was assigned
as [*?A; - (C12:0(3-OH)) acid - HJ.

Additional fragmentation of the anion at m/z 1247.7814 involved the loss of a

(C12:0(3-OH) acid (216.1725 Da) located at the O-3 position of the previous product anion
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to form m/z 1031.6107, which was assigned as [Ms - phospho-glycerol - (C12:0(3-OH)
acid - H]. Another fragmentation pathway anion at m/z 1247.7814 involved the loss of a
(C12:0(3-OH) ketene (198.162 Da) located at the O-3 position, led to the form m/z
1049.6213, designated as [Mg - phospho-glycerol - (C12:0(3-OH)) ketene - H]". Following
this initial ketene loss, an additional ((C12:0(3-OH)) ketene (198.1601 Da) was lost from
branched fatty acid located at O-3' position, resulting in the formation of a product anion
at m/z 851.4617, which was assigned as [Ms - phospho-glycerol - 2(C12:0(3-OH)) ketene
- HJ-.

The anion at m/z 1049.6213 also underwent the loss of a ((C12:0(3-OH)) acid
(216.1725 Da) at O-3' position, resulting in the formation of a product anion at m/z
833.4518, which was assigned as [Ms - phospho-glycerol - (C12:0(3-OH)) ketene -
(C12:0(3-OH)) acid - HJ. This was followed by the loss of water molecule from the
hydroxyl group at O-3 to form m/z 815.4412, which was assigned as [Ms - phospho-
glycerol - 2((C12:0(3-OH)) acid) - HJ~.

The anion at m/z 833.4518 underwent sugar ring cleavage (“*A») of the reducing
sugar part (309.2287 Da) to form anion at m/z 524.2231, which was assigned as [**A, -
(C12:0(3-OH)) ketene - HJ". Further loss of water molecule from O-3' position to produce
m/z 506.2125, which was assigned as [**A; - (C12:0(3-OH)) acid - H]".

The product anion at m/z 428.1813 was formed by glycosidic cleavages of the B-D-
GlcpN-(1—6)-a-D-GlcpN disaccharide backbone followed by loss water molecule from
the hydroxyl of C14:1 fatty acid at N=2', resulting in the non-reducing D-GlcpN-H2PO4

species, which was assigned as [B1 - (C12:0(3-OH)) acid - H>O - HJ .
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From the HCD-MS/MS fragmentation routes, we speculated that the doubly
charged anion, [Ms - 2H]* at m/z 709.4007 (DU = 9), was assigned as a deprotonated lipid
of a tetra-acylated B-D-GlcpN-(1—6)-0-D-GlcpN disaccharide, where the N-2 and O-3-
free positions of the reducing sugar were substituted with (C14:0(3-OH)), (C12:0(3-OH)),
respectively. In addition, the N-2' and O-3'-free positions of the non-reducing sugar were

substituted with (C14:1(9)(3-OH) and (C12:0(3-OH)), respectively.

5.5. Kendrick Analysis Using a Fractional Base Unit of CH»/2

In order to view the complexity of the analyzed lipid A mixture, the doubly charged
anions mass list was used for Kendrick analysis. A fractional base unit of CH»/2 allowed
the expansion of isotopologues (same isotopic envelope) vertically across the Kendrick
mass defect plot range (+0.5 to -0.5), thus facilitating the visualization of ion relationships
(Figure 5-9). Isotopologues that belong to the same isotopic envelope have similar patterns
of arrangement on the KMD plot (anions enclosed by the same colour, Figure 5-9).
Moreover, many anions are arranged on the same horizontal line, indicating the extreme
variability in the number of CH» units across the different lipid A species. Furthermore,
many ion clusters across the KMD plot share the same arrangement pattern. Thus,

structural relationships between these ion clusters can be deduced.
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Figure 5-9. KMD analysis using CH/2 allowed the vertical expansion of isotopologues.
Isotopologues that belong to the same isotopic envelope have the same pattern of arrangement on
the KMD plot and are enclosed in the same colour.

Various anion relationships can be deduced from the Kendrick analysis; however,
for the sake of brevity, a few examples will be explained herein, highlighting the
importance of KMD plots in analyzing complex bio-extracts such as lipid A. For example,
Figure 5-10 shows that anions annotated as 6,7,8,9 are organized in a rhombus-like pattern.
Thus, the relationships between these anion clusters can be easily investigated. Anion 6 at
m/z 709.4007 was already characterized by tandem mass spectrometry, and it was deduced
to have the chemical composition of [Cs7H124N2025P2]2. Thus, it can be used as a reference
chemical composition to deduce the composition of nearby anions. Anion 7 at m/z

716.3905 was found to have an extra 13.98 Da with respect to anion 6, indicating the
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addition of an oxygen atom (+15.99) and removal of H> (-2.0157); thus, 15.99 - 2.01 creates
a difference of 13.98 Da. On the other hand, Anion & at m/z 716.2459 was found to have
an extra 14.05 Da with respect to anion 6, indicating the addition of CoH4 (28.0313) and
H> (2.0157) and the removal of an oxygen atom (-15.99), thus 28.03 +2.01-15.99=14.05
Da. Lastly, anion 9 at m/z 723.4160 has an extra 28.0313 Da (C>Hs) with respect to Anion
6. This clearly explains that the arrangement of these anion clusters (6-9) in a rhombus-like
shape facilitates the prediction of their chemical composition without needing tandem MS
on each ion in that cluster.

Moreover, some low-abundant anions, such as anions /0 and /1, can be deduced
from their mass difference from the highly abundant MS/MS characterized anions 2 and 6,
respectively. Anion /0 at m/z 1025.7032 was deduced to have two extra CoHy units (2 x
28.0313 Da) plus an extra C12:0 residue (+182.1727 Da) with respect to anion 2 (m/z
906.5897), indicating that anion /0 is a hepta-acylated lipid A. On the other hand, anion
11 (m/z 618.3161) was less than anion 6 (m/z 709.4007) by 182.17 Da, indicating that anion
11 is a tri-acylated lipid A. This shows that KMD plots can be easily used to find the
chemical composition of low-abundant anions/lipid A species (/0 and /7) by comparing it
to well-characterized anions (2 and 6) by tandem mass spectrometry (Table 5-1). These
examples clearly show the power of KMD plots in characterizing complex bio-extracts.
Although the use of KMD plots in analyzing complex biological mixtures is still in its
infancy due to the extreme mixture variability and endless ion relationships that can be
deduced, it is an excellent tool to dig deeper and view the complexity of biological systems

at the molecular level.
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Figure 5-10. Expanded region of KMD plot using CH»/2 showing some ions structural
relationships. Ions 1-6 are the ions investigated by tandem mass spectrometry. Red lines are
connecting ions that differ by 28.03 Da (C,H4 units). Relationships between ions 6, 7, 8, and 9
arranged in a thombus-like shape can be easily investigated. Also, low-abundant ions 10 and 11
can be easily identified from their relationships with ions 2 and 6, previously identified and
confirmed by tandem mass spectrometry.

5.6. Conclusions and Future Directions

Our findings represent a pivotal step forward in identifying the structural diversity
of new lipid A within Gram-negative marine. These lipid A molecules were only extracted
from the phenol layer of Westphal and Jan LPS extraction [36]. The lipid A of Vibrio
anguillarum SJ-41 exhibited unique characteristics, with each member of this
heterogeneous mixture containing an O-1 phospho-glycerol unit at the reducing end of -

D- GlepN-( 1— 6)-0-D-GlepN disaccharides. According to our knowledge, this new
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finding has never been reported in the literature. The biosynthetic pathways involved in the
phosphorylation of this strain need further studies.

Interestingly, sn-1-phosphoglycerol has previously been identified in membrane-
derived oligosaccharides (MDO), which are composed of 8—10 units of D-glucose residues
linked by B-D-(1—2) and B-D-(1—6) bonds. These oligosaccharides are typically localized
in the periplasmic space between the inner and outer bacterial membranes. MDO structures
are often modified by succinyl ester residues and sn-1-phosphoglycerol groups derived
from membrane phospholipids [42]. Additionally, the sn-1-phospho-glycerol group has
been reported in Vibrio fischeri, a bioluminescent Gram-negative marine bacterium. The
lipid A of Vibrio fischeri includes unique modifications at the secondary acylation site of
the 3-O-position of C12:0, notably involving sn-1-phospho-glycerol, lysophosphatidic
acid, and phosphatidic acid moieties. These modifications result in a micro-heterogeneous
mixture that includes mono-, di-, and tri-phosphorylated lipid A derivatives [43].

Furthermore, the presence of di-hydroxy fatty acids in Vibrio anguillarum
highlights the complexity of these molecules. This study specifically identified C14:0
and/or C14:1 as di-hydroxy fatty acids, similar to previously observed compounds such as
ipurolic acid (3,11-dihydroxy myristoic acid), a hydrophobic molecule practically
insoluble in water [44]. However, further research is required to accurately determine the
positions of the double bonds and hydroxyl groups within these fatty acids [45]. This
suggests that structural variability may play an essential role in the pathogen's adaptation
strategies, potentially allowing it to evade immune responses that typically recognize

conventional lipid A. This discovery underscores the flexibility and evolutionary
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innovation within bacterial lipid structures, especially in pathogenic adaptation in marine
environments. The forthcoming study will analyze the remaining peaks of the
microheterogeneity obtained from SJ-41-lipid A (phenol soluble) LPS with ESI-FAIMS-
MS and HCD-MS/MS. In addition, the Kendrick analysis of the extreme complexity of the
Lipid A mixture. Furthermore, understanding how these lipid A differ in their
immunogenic profiles can guide the development of new therapeutic strategies that target
non-traditional lipid A structures, potentially aiding in the design of treatments for
infections caused by Vibrio species and similar pathogens. Our results pave the way for
future investigations into how structural variations in lipid A contribute to diverse bacterial

pathogens' survival, virulence, and immune evasion.
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Chapter 6 Conclusions and Future Work

6.1. Conclusions

This work provides significant insights into the molecular biology of marine
organisms, focusing on the proteomic composition of Atlantic cod otoliths and the
structural elucidation of lipid A from pathogenic marine bacteria. Through an in-depth
proteomic analysis, we revealed a previously unrecognized diversity of proteins in Atlantic
cod otolith, demonstrating that the otoliths serve as reservoirs of complex physiological
information beyond their known role as biochronological markers [1].

Using high-resolution mass spectrometry (ESI-FAIMS-Orbitrap MS and HCD-
MS/MS), we generated a comprehensive protein profile, marking the first such detailed
study for this species. This analysis identified thousands of proteins, including those
involved in calcium binding and crystal nucleation, underscoring the otolith’s potential as
a tool for examining fish physiology and life history.

We used the state-of-the-art Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer
(Thermo Scientific, Waltham, MA, USA), which combines a quadrupole mass filter, a
linear ion trap, and an Orbitrap mass analyzer. This instrument was selected for our study
due to its high sensitivity (Figure 1-19) [2]. In addition, we employed Field Asymmetric
Waveform Ion Mobility Spectrometry (FAIMS), which separates gas-phase ions based on
their mobility in alternating strong and weak electric fields. By adjusting the compensation
voltage (CV), FAIMS can separate ions according to their shape and size in asymnetric

electric fields [3, 4].
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In Chapter 2, we presented the first qualitative proteomic study of Atlantic cod
otoliths, uncovering over 2000 proteins, including somatolactin, F-actin-capping protein,
and annexin, which play roles in calcium ion binding and contribute to crystal formation.
This methodology lays the groundwork for using otolith proteomics to understand fish
biology thoroughly. We identified sex-related biomarkers for males (SPATAG6 protein) and
females (Vitellogenin-2-like protein) and other proteins related to biochemical and
physiological processes, which supported our hypothesis that otoliths record the biological
information of cod fish (Table 2-1). In addition, this represented a proof-of-concept study.

In Chapter 3, we quantified a range of otolith proteins, identifying key stress and
endocrine-responsive proteins, including eleven heat shock proteins (HSPs), which
underscore the otolith’s ability to record environmental and physiological changes.

In this chapter, we examined different samples than those in the previous chapter,
collected from the same area; however, they differ in age or possibly life history, which
may account for the differences in the total number of identified proteins, as shown in
Figure 3-1. Nevertheless, eleven HSPs were consistently identified in both studies.
Additionally, in this study, the total number of otolith proteins was similar between sexes,
as shown in Figure 3-2. Furthermore, several proteins exhibited sex-specific expression
differences, as visualized in the volcano plot (Figure 3-3) and the heatmap (Figure 3-4).

Lastly, we conducted bioinformatics analyses, including Gene Ontology (Figures
3-6 and 3-7) and protein—protein interaction analysis (Figure 3-8). Altogether, these

results provide further support for the idea that otolith proteins offer valuable insight into
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the biology of the fish itself. These findings offer a proteomic baseline for Atlantic cod that
can serve as a reference for assessing the impacts of climate change and pollutants on
marine species.

Chapters 4 and 5 shifted focus to lipid A structural analysis in Aeromonas
hydrophila and Vibrio anguillarum. Lipid A is a key component of lipopolysaccharides
(LPS) that form the outer membrane of Gram-negative bacteria, contributing to bacterial
virulence and immunogenicity [5-7]. Lipid A is a glycolipid typically composed of mono
or di-phosphorylated glucosamine disaccharide core with variable numbers and types of
fatty acyl chains [5-7]. Lipid A acts as a potent stimulator of the innate immune system
through recognition by the Toll-like receptor TLR4 [8-10]. Several studies have focused
on modifying the structure of lipid A in various Gram-negative bacterial species, such as
Escherichia coli and Salmonella, to reduce its toxicity while preserving its
immunostimulatory properties. This has been achieved by altering acylation patterns and
developing synthetic analogs [11, 12]. As a result, lipid A has become a key target for the
development of adjuvants, such as monophosphoryl lipid A (MPLA), which retains
immune-activating properties with significantly reduced endotoxicity and is now widely
used in licensed vaccines [12].

Using ESI-FAIMS-Orbitrap MS and HCD-MS/MS, along with Kendrick mass
defect (KMD) analysis, we characterized lipid A derivatives with unique structural
features. KMD plots are particularly valuable for classifying and organizing structurally
related ions within complex mixtures [13-18]. In a KMD plot, the relationship between the

Kendrick mass defect and the nominal Kendrick mass is visually represented. lons whose
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elemental compositions differ by one or more base units share the same KMD value and
therefore align horizontally in the plot (Figure 1-25) [13]. In contrast, ions with different
KMD values align vertically, reflecting variations in double bond equivalents (DBE) or
heteroatom content higher DBE or greater numbers of heteroatoms result in larger mass
defects [13].

In Chapter 4, the complex lipid A architecture of 4. hydrophila revealed distinctive
B-D-GlcpN-(1—6)-a-D-GlcpN disaccharide cores and specialized acyl chain linkages, as
shown in (Figure 4-2 and Table 4-1). To the best of our knowledge, this is the first report
on the structural characterization by FAIMS-MS and KMD plots. Lipid A extracted from
the Aeromonas Gram-negative strain SJ-26 was analyzed in negative ion mode using ESI-
FAIMS-Orbitrap-MS/MS. This analysis revealed presence of three main Lipid A fractions:
Mono-phosphorylated Lipid A (MPLA) at CV =0 - 22 V, MPLA adduct/aggregate dimers
at CV= 23 - 43 volts, and di-phosphorylated Lipid A (DPLA) at CV = 44 - 70 volts. The
ability of FAIMS to isolate dimeric MPLA aggregates from monomeric MPLA avoided
complications in tandem MS analysis.

For example, doubly charged ion at m/z 1506.05 (z= -2) was expected to be
composed of two MPLA monomeric singly charged ions of m/z 1506.05 (z=-1). However,
MS/MS of this dimeric MPLA revealed that it is a mixture of at least four isomeric dimers:
two penta-acylated MPLA (2 x 1506.05 /2 =1506.05), hexa-tetra acylated MPLA (1732.24
+ 1279.86 / 2 = 1506.05), hexa-tetra MPLA (1688.22 + 1323.88 / 2 = 1506.5), hepta-tri
acylated MPLA (1914.41 + 1097.68 / 2 = 1506.05). his clearly demonstrates the

compositional complexity of lipid A 4. hydrophila.
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Chapter 5 identified a lipid A mixture from V. anguillarum with novel structures,
diverging from the phospho-glycerol substituted at O-1 position, as shown in (Figure 5-1
and Table 5-1). Furthermore, the presence of di-hydroxylated acyl chains at the N-2' in
highlights the complexity of lipid A in Vibrio anguillarum. This unexpected finding
challenges current paradigms and suggests unique immunogenic properties that may be
relevant to host-pathogen interactions in marine environments. This suggests that structural
variability plays an essential role in the pathogen's adaptation strategies, allowing it to
evade immune responses that typically recognize conventional lipid A structures.

The identification of these novel lipid A derivatives (Chapters 4 and 5) enhances
our understanding of bacterial pathogenicity in marine ecosystems and paves pathways for
developing targeted vaccines. Collectively, this work establishes a framework for
exploring marine organism physiology and pathogen interactions at the molecular level,
with implications for innovations in fisheries science, environmental monitoring, and

aquaculture health management.

6.2. Future Work

6.2.1. Otolith Proteins

This thesis has highlighted the complex protein composition within Atlantic cod
otoliths, unrevealing roles in fish physiology, stress response, and adaptation. To deepen
our understanding, future research should focus on specific protein families, such as heat

shock proteins (HSPs), as they play critical roles in thermal adaptation and resilience [19-

22].
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HSPs are molecular chaperones that facilitate protein folding, stabilize proteins
under stress, and play an essential role in cellular protection and repair [19-22]. Different
HSPs are expressed in response to thermal and other environmental stressors, making them
promising biomarkers for studying adaptation in Atlantic cod. Future research on HSPs
could include analyzing HSP expression from archived otolith samples collected across
various years, seasons, and regions within Canadian waters. The high-resolution mass
spectrometry, could be used to quantify and compare HSP expression levels across
timeframes, providing a unique opportunity to observe changes in stress response over
years or even decades.

By correlating HSP levels with historical environmental data, we could evaluate
whether cod’s stress response reveals trends linked to climate shifts. Such findings could
assess whether cod stocks have developed resilience to gradually warming ocean
temperatures. Identifying specific HSPs or patterns that correlate with temperature
resilience could yield valuable biomarkers for climate adaptation. This approach could
provide fisheries managers with crucial information to support the most resilient stocks,
promoting the stability and long-term sustainability of Atlantic cod populations.

6.2.2. Bacterial Lipid A Research

This work also has highlighted the molecular structure of unique lipid A structures
of pathogenic marine bacteria, including Vibrio anguillarum and Aeromonas hydrophila.
Future work should explore how changes in the composition of lipid A are influenced by
environmental factors, particularly variations in temperature and interactions with immune

systems, such as bacteriophages [8, 23, 24].
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Environmental factors, such as temperature, influence lipid A biosynthesis and
structural modifications, affecting bacterial pathogenicity [8, 23]. Culturing Vibrio
anguillarum and other pathogens under varied temperature conditions and analyzing lipid
A structure, help in determine how thermal changes impact lipid A composition. High-
energy CID-MS/MS could reveal structural adaptations in response to temperature,
informing our understanding of bacterial resilience to environmental stress.

Furthermore, we should examine how these distinct lipid A molecules interact with
fish immune systems, which could provide insights into how bacterial lipid A adapt to
evade host defenses. Immunogenic assays would help identify lipid A variants with unique
immune-modulating properties relevant to host-pathogen interactions. Characterizing other
unknown lipid A structures could aid in developing vaccines for different species,

advancing aquaculture health management [11, 25, 26].
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Appendix

Appendix Al. Supporting Information for Chapter 2

All tables from Appendix Al are provided in the Supplementary Materials
Excel sheet Al.

Table Al-1. Results of the shotgun proteomics analysis of male Atlantic Cod (Gadus morhua)
proteins.

Table A1-2. Results of the shotgun proteomics analysis of female Atlantic Cod (Gadus morhua)
proteins.

Table A1-3. The full list of the 302 most abundant proteins identified from male Atlantic Cod
(Gadus morhua).

Table A1-4. The full list of the 247 most abundant proteins identified from female Atlantic Cod
(Gadus morhua).

Table A1-5. According to the complete details of the protein description, there are 143 otolith core
proteins, common between male and female Atlantic Cod (Gadus morhua) proteins.

Table A1-6. According to the complete details of the protein description, the male Atlantic Cod
(Gadus morhua) has 138 unique.

Table A1-7. According to the complete details of the protein description, the female Atlantic Cod
(Gadus morhua) has 67 unique.

Appendix A2. Supporting Information for Chapter 3

All tables from Appendix A2 are provided in the Supplementary Materials

Excel sheet A2.
Table A2- 1. Overview of sample used in the current study.

Table A2- 2 (1).10 Otolith protein; Table A2 -2 (2). 10 Otolith protein with protein sequences (Full
data).
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Table A2- 3.Volcano Plot.

Table A2- 4. 802 Proteins are always common between individuals.

Table A2- 5. 202 Highly abundance proteins for female.

Table A2- 6. 90 Highly abundance proteins for males.

Table A2- 7. 81 Proteins Present in >X Males and zero females.

Table A2- 8. 196 Proteins Present in >X Males and zero females.

Table A2-9. 92 Proteins identified in individual, either male or female.
Table A2- 10. 214 Uncharacterized proteins identified in our dataset.
Table A2- 11. Sixteen proteins related to the actin family identified in this study.
Table A2- 12. Six proteins related to tropomyosins identified in this study.
Table A2- 13. a- and B-Tubulin identified in this study.

Table A2- 14. Three proteins related to the tyrosine 3-monooxygenase/tryptophan activation
protein B-polypeptide identified in this study.

Table A2- 15. Both keratin protein types identified in our data.
Table A2- 16. List of heat-shocked proteins identified in our study.

Table A2- 17. Protein-Protein Interaction- STRING network in Figure S1. The full network is
available online at

(https://string-db.org/cgi/network ?taskld=bybNmeXaeGFU&sessionld=boleul TShMV6)
Table A2- 18. Top 20 in network ranked by Degree method.

Table A2- 19. String PPI network visualization of top 20 high-degree proteins in the otolith of
Gadus morhua.

Figure A2- 1. The full Protein-Protein Interaction- STRING network.
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