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Abstract

Detection of endogenous biomarkers is essential for the identification of certain
abnormalities within biological systems which may result from different physiological
or pathological conditions. Abnormalities within a biological system can result in
excessive lipid peroxidation which can lead to the formation of certain lipo-peroxidation
by-products, such as 2-alkenals, 4-hydroxy-2-alkenals and malondialdehyde (MDA).
Such endogenous aldehydes can induce protein modifications and the formation of a set
of biomarkers known as advanced lipo-peroxidation end products (ALEs). Previous
detection methods which used for the detection of the modified proteins include
immunohistochemical analysis, western blot analysis, 2D-gel electrophoresis, GC-MS,
LC-MS, UV-visible and fluorescence detection. Most of these methods require pre-
purification and off-line extraction and derivatisation steps prior to analysis [3].
Proteomics and immuno-assays have been used as a diagnostic tool for such biomarkers;
however these techniques are not specific. In the case of immunohistochemical methods,
cross reactivity can result in a non-specific signal. With proteomics approaches it is
impossible to control the fragmentation processes for the protein molecule and multi-

stage fragmentation is required to predict the site of modification.

In this research project two different methods were developed for the qualitative
and quantitative analysis of biomarkers resulting from the modification of proteins by
aldehydes. The first method involved the analysis of amino acids within serum albumin
(human or bovine) which had been modified by reaction with a series of different 2-
alkenals or 4-hydroxy-2-nonenal (HNE). The protein sample was reacted with these
aldehydes and the reaction products were subjected to reductive stabilisation with
NaBH, and were then hydrolysed with 6N HCI for 4 hrs at 145°C. The hydrolysis
products were extracted and derivatised with propylchloroformate and then analysed by
reversed phase liquid chromatography—mass spectrometry (RPLC-MS). The
derivatisation method for the analysis of the reaction products between endogenous
aldehydes (2-alkenal and HNE) and proteins was successful, but was complicated by the
fact that partial derivatisation was possible.

XVIII



The second method of analysis was based on the recently developed separation
technology of hydrophilic interaction liquid chromatography (HILIC) which enabled
retention of the aldehyde adducts, without the need for a derivatisation step. This method
involved the same initial procedure as the first one, with the exception that the
hydrolysis products were extracted using a protein crash plate filter (PPT filter) and then
analysed by HILIC in combination with Fourier Transform mass spectrometry (HILIC-
FTMS). The retention of the un-derivatised adducts on the HILIC column was efficient,
and a combination of high organic solvent content in the chromatographic mobile phase

and a free positively charged amine group in these adducts allowed sensitive detection.

High resolution mass spectrometry using an LTQ-Orbitrap instrument was able
to characterise a wide range of aldehyde adducts with high sensitivity and minimum
deviation of the observed masses from those of the theoretical masses. The
fragmentation pattern of these adducts obtained using collision induced dissociation
(CID) to enable structure elucidation for these compounds. Finally, limit of detection
(LOD) and limit of quantification (LOQ) for amino acids and the related aldehyde

adducts was determined.

The aim of this project was to implement a mass spectrometry detection protocol
for these biomarkers in hospitals and other clinical research centres. Examination of
human plasma from normal subjects revealed that a number of 2-alkenal adducts were

present.
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1 CHAPTER ONE: Introduction



1.1 Introduction

Mitochondria are responsible for cellular energy production in the form of
adenosine tri-phosphate (ATP), which is used as a source of chemical energy required
for normal cellular functions. Mitochondria play an important role in cell signalling,
cellular differentiation and apoptosis, in addition to the control of the cell cycle and cell
growth [4]. However, mitochondria also represent the major source of reactive oxygen
species (ROS) inside the biological system through the normal respiration process.
Although ROS may be essential for the biological system and may participate in
signalling within the cells, at the same time ROS may be considered as highly toxic
substances and may have a harmful effect on the cells and tissues within the body.
Additionally, ROS are considered as the main causative factor for DNA damage and
mutation, and in some cases they may be responsible for cell death in several cell types
through what is known as the apoptosis process. The concentration of ROS under
normal physiological conditions is controlled by several cellular antioxidant defence
mechanisms such as glutathione which plays a major role in the reduction of ROS to
non-harmful products. However, imbalance between oxidant and antioxidant system
may be the causative factor for complications associated with many diseases such as

diabetes mellitus and heart disease [2].

Physiologically, there is an equilibrium state between the generation of oxygen free
radicals and the anti-oxidant system of the normal healthy individuals. The anti-oxidant
system protects the body against free radical induced damage, while a defect in this
system may lead to an excessive production of oxygen free radicals that result in a
general oxidative stress state inside the biological system [1]. It has been established by
a number of studies [1, 5] that chronic hyperglycaemia provokes oxygen free radical
production through glucose autoxidation and non-enzymatic glycation of proteins and a
general oxidative stress situation can develop. A general oxidative stress situation inside
the biological system would increase the production of oxygen free radicals which

accelerates the lipid peroxidation process and the formation of lipid-peroxidation by-
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products such as the 2-alkenal series, 4-hydroxy-2-alkenal series, and malondialdehyde
[6]. These cytotoxic aldehydes may be used as a good markers for oxidative stress in
diabetic and non diabetic patients [1]. Lipid peroxidation products that result from
oxidative stress during hyperglycaemia are correlated to a number of diseases which
may be due to their ability to damage proteins, lipids, and DNA by modifying or

inactivating of these bio-molecules [7-9].

The a,B-unsaturated aldehydes, such as 2-alkenal and HNE, are chemically reactive
compounds and can form a variety of products (known as advanced lipo-peroxidation
end-products or ALEs) when they react with biomolecules [10, 11]; such reaction may
produce covalent modifications that lead to a variety of biological effects including:
inhibition of protein and DNA synthesis, inactivation and stimulation of enzymes,
resistance to proteolytic degradation and a tendency towards aggregation [11]. These
effects may initiate immune response, fibrosis, gene transcription or apoptosis [11].
Various types of protein damage are an indicator of aging [12] and are characteristic of
some chronic diseases such as arteriosclerosis [13-15], diabetes [16-18], cancer [19],
rheumatoid arthritis, cataract [20, 21] and neurodegenerative diseases [22-27]. Various
types of 2-alkenal adducts have been described including pyridinium adducts [28, 29]
FDP adducts [30] and Michael adducts [31, 32].

The current project will focus on studying the methods of production and detection of
ALEs which may results from protein modification with 2-alkenal aldehydes or 4-
hydroxy-nonenal (HNE) using HPLC connected to high resolution mass spectrometry.
Acid hydrolysis with HCI will be used to get individual amino acids together with the
modified amino acids ready for MS analysis rather than the detection of intact protein

molecules.



1.2 Advanced Lipo-Peroxidation End Products (ALES)

The 2-alkenals are considered to be highly reactive aldehydes (Figure 6.1,
appendix chapter) as they contain two electrophilic centres that are located at the
partially positive carbon atom at positions 1 and 3 in the aldehyde chain. These two
carbon centres can undergo nucleophilic addition with the amine group of the amino
acids residues when reacting with proteins. It has been found that the 2-alkenals, 4-
hydroxy-2-alkenals, and malondialdehyde (MDA), can react with the amine groups in
the side chains of lysine and arginine, the imidazole group of histidine, or with the
sulfhydryl group of cysteine. The reactions between these aldehydes and amino acid
residues occur through Schiff base [33] or Michael addition reactions [31, 32] which
lead to the formation of different types of 2-alkenal adducts such as Schiff base,
Michael-like adduct, FDP and pyridinium adducts [30, 34].

Acrolein is an important environmental contaminant since it is present in cigarette
smoke [35, 36]; acrolein is also a breakdown product of endogenous lipids and it has
been implicated in the pathophysiology of spinal cord injury [37], in the development of
Alzheimer’s disease [38] and has been found to inhibit T-cell response [39]. Reaction
products formed between acrolein and proteins have been found to be a good marker for
an increased risk of stroke [40], whereas reaction of acrolein with insulin hormone was

found to reduce the effectiveness of the hormone [41].

The reactions of a,B-unsaturated aldehydes with proteins range from simple Schiff base
formation and Michael-like addition to the formation of heterocyclic rings such as
pyridines, piperidines and pyrroles. It has been established that the degree of
modification via Schiff base formation and Michael-like addition varies from protein to
protein. For example, the imidazole group of histidine is the predominant residue
modified in haemoglobin [42], apomyoglobin [43] and B-lactoglobulin [42, 44]. On the
contrary, the e-amine group of lysine is the most reactive amine group in glucose-6-
phosphatase [45]. In cytochrome C, different adducts formed between aldehydes and

histidine, lysine and arginine residues [46]. Following from the initial formation of a



Schiff base it is possible that generation of a wide range of heterocyclic compounds can
occur [28, 47-49]. There is evidence that such cyclic adducts are highly persistent and
are not repairable [50]. The mechanism for the formation of these adducts has been
extensively studied [29, 30, 51-53].

1.2.1 Reaction of 2-Alkenals with Amino Acids Residues within a Protein

Molecule

Reactions of the 2-alkenal aldehydes with different amino acids follow two types
of nucleophilic addition reactions, which are highly dependent on the electrophilicity of
the carbon atom of the carbonyl group (Schiff base addition) and the [-carbon atom
(Michael-like addition). Michael-like addition reaction occurs to a greater extent than
Schiff base formation due to the decreased electrophilicity of the carbonyl group as a
result of electron enriching properties of the attached alkene group [54].

The reactivity of the carbonyl containing compounds depends on the electron
withdrawing properties of the oxygen atom which decreases the electron density around
carbonyl carbon leading to the formation of partially positive carbon atom. This partially
positive carbon atom can react as Lewis acid that can accept a pair of electrons from
Lewis bases such as amine group through Schiff base reaction. In o,3- unsaturated
aldehydes, electron contribution from the o,p- double bond can reduce the electron
deficiency at carbonyl carbon and result in the formation of partially positive carbon
atom at 3 position. In this case, partially positive p-carbon atom behaves like Lewis acid

and can react with Lewis bases through Michael-like addition reaction [55].

1.2.1.1 Schiff Base Formation

The Schiff base reaction consists of nucleophilic addition of the amine group in
the amino acid to an electron deficient carbonyl containing aldehydes (e.g. Figure 1.1).
The nitrogen atom in the amine group becomes attached to carbon to form imine or
Schiff base. Schiff base is known as “aldimine” when the nitrogen atom reacts with

aldehyde, while it is known as “ketimine” when it reacts with ketone [56]. Schiff base



formation requires the availability of primary amine and carbonyl groups in the reacting
molecules. Both primary and secondary amines can form Michael adducts. Schiff base
formation may occur over a few hours during incubation of aldehyde containing
molecules with protein until it reaches equilibrium [57, 58]; however Schiff bases can

readily dissociate back to reform the original reacting molecules [54, 56].

2-Alkenal 2-Alkenal R-Group
Acrolein H-
Crotanaldehyde CH3-
Pentenal C2H5-
Chlff base Hexenal C3H7-
Heptenal CAH9-
/\I\)J\ \/\/\J Nonenal C6H13-
Lysine Re5|due in Lysine Sch|ff Base in
protein molecule protein molecule

Figure 1.1: Schiff base formation between 2-alkenal reactive aldehydes and lysine amino acids. Adapted
from reference number [56].

1.2.1.2 Michael-Like Addition Reaction

The Michael addition reaction involves the reaction of nucleophilic groups (also
known as Michael donors) with unsaturated electrophilic groups (also known as Michael
acceptors). Michael donors consist of a wide range of functional groups with enough
nucleophilicity to perform Michael addition reactions, such as amines & thiols.
Whereas, Michael acceptors should have electron withdrawing groups attached [59]
such as carbonyl group in aldehydes. In this research project, Michael addition reactions
of the a,B- unsaturated double bond in the 2-alkenal series with the amine groups of
lysine or arginine, the imidazole group of histidine, or the sulfhydryl group of cysteine
will be studied (Figure 1.2).
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Figure 1.2: Michael addition reaction between a 2-alkenal reactive aldehyde and lysine amino acid.

1.2.1.3 Pyridinium Adducts Formation

Reaction between aldehydes and amino acids usually continues beyond the Schiff
base or Michael addition stages leading to the formation of more complex compounds
such as pyridinium or FDP adducts. Ichihashi et al. [30] suggest that pyridinium adduct
formation consists of two consecutive reactions; starting with Schiff base addition
followed by Michael addition with some re-arrangement (Figure 1.3). However, Baker
et al. [28] proposed another mechanism for pyridinium adduct formation through lysine
residue modification in the presence of 2-hexenal (Figure 1.4). The lysyl-pyridinium
adduct 111 proposed by Baker et al. (Figure 1.4) has the same chemical formula as the
lysyl-pyridinium adduct suggested by Ichihashi et al. (Figure 1.3), but a different
structural arrangement. Lysyl-pyridinium adducts | & Il (Figure 1.4) have the same
chemical formula but different structural arrangements (skeletal isomers), and could be
considered as a dehydrogenated form of lysyl-pyridinium adduct Il (losing of H;
molecule from its structure with double bond formation). For mass spectrometry
detection of lysyl-pyridinium adducts, all these isomer possibilities should be
considered. For the purposes of discussion, lysyl-pyridinium adducts | & Il are assigned
as lysyl-pyr (-2H), and lysyl-pyridinium adduct 1l is assigned as lysyl-pyr. Both lysyl-
pyr and lysyl-pyr (-2H) should be present in non-reduced modified protein samples. It



should be noted that lysyl-pyridinium adducts | & Il do not apply in case of acrolein

aldehyde modification.
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Figure 1.3: Pyridinium adduct formation as suggested by Ichihashi et al. (2001) [30].

Lysine pyridinium adducts with different reduction status carry one single positive
charge on the nitrogen atom inside the pyridinium ring. So, the pyridinium adducts are
already ionised and do not acquire positive charge during ionization process prior to
mass spectrometry detection, as confirmed by Shao et al. (2005) [34] and Zhu et al.
(2009) [60].
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Figure 1.4: Proposed mechanism for pyridinium adduct formation as suggested by Baker et al. [28].

1.2.1.4 N* (3-Formyl-3,4-Dehydro-Piperidino) Lysine Adducts (FDP) Formation

Similarly to the pyridinium adduct formation, FDP adduct represents another
complex molecule that results from 2 consecutive Michael addition reactions (Figure
1.5). This involves nucleophilic addition of a 2-alkenal molecule through Michael
addition to the terminal amine group of lysine followed by further attachment of another
2-alkenal molecule through another Michael addition reaction to the modified lysine; the
resulting intermediate adduct undergoes a cyclisation and a condensation reaction
leading to FDP-lysine adduct formation [30, 61]. In contrast to pyridinium adducts,
FDP adducts contain no permanent positive charge, and will acquire a positive charge

during the ESI step in the mass spectrometer, as stated by Shao et al. (2005) [34].



Uchida et al. (1998) suggests that FDP-lysine adduct is stable to acid hydrolysis [61];
such stability arises from the enal-dienol tautomerism stabilisation of the FDP-lysine
adduct (Figure 6.2).
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Figure 1.5 FDP-lysine adduct formation between 2-alkenal reactive aldehydes and lysine as suggested by
Ichihashi et al. (2001) [30].

1.2.2 Reactions of 4-Hydroxynonenal (HNE) with Amino Acid Residues
within a Protein Molecule

HNE is a highly reactive and toxic member of the 4-hydroxy-2-alkenal series [62]
that results from the peroxidation of omega 6 polyunsaturated fatty acids such as linoleic
and arachidonic fatty acids, two fatty acids which are abundant in the human body [8].
Oxidative stress is a main cause for HNE generation through the lipid peroxidation
process [63]. Furthermore, HNE is considered as a potent cellular damage inducing
compound due to its ability to modify amino acids in proteins such as lysine, histidine,
and cysteine through Michael addition or Schiff base formation [8]. As a consequence of

10



amino acid modifications, HNE toxicity may be reflected in a number of biological
effects such as the lysis of erythrocytes, deactivation of enzymes and inhibition of DNA
and protein synthesis [33, 64]. The adducts of 4-hydroxynonenal (HNE), one of the
major secondary products of lipid peroxidation process [46] have been detected in
various human tissue samples such as atherosclerotic lesions, Lewy bodies, the neurons
of the substantia nigra in Parkinson’s disease, renal cell carcinoma and samples of tissue

from Alzheimer patients [65, 66].

Under normal physiological conditions, the concentration of HNE may range from 1-3
HMM; nevertheless it may increase up to 5mM under oxidative stress situation. HNE’s
potency results from its stability and high lipid/water solubility. The retina can contain
HNE in an abundant amount due to its high metabolic activity, oxygen tension, and the
availability of omega 6 polyunsaturated fatty acids which play a role in the production of
HNE [67].

1.2.2.1 Reaction of HNE with Lysine Residue

Lysine can undergo chemical modification upon reaction with HNE either
through Schiff base formation or Michael addition [46] to form adducts that are
responsible for the biological toxicity of HNE (Figure 1.6) [33]. Furthermore, formation
of hemiacetal compounds is expected by cyclisation of HNE-Michael adducts by the
reaction of C-4 hydroxyl group of HNE with the aldehyde group of same HNE molecule
[68]. Hemiacetal compound has the same chemical formula and mass for the
correspondent Michael adduct. The only detection method by which we can differentiate
between Michael and hemiacetal adducts is by the reaction of Michael adduct with 2,4-
dinitrophenylhydrazine (2,4-DNP) to form protein-hydrazone derivatives which can
easily be detected by a fluorescence method since the protein-dinitro-phenylhydrazone
derivative absorbs radiation at 370 nm. The Michael adducts that result from the reaction
between 2-nonenal and protein yield a free aldehyde group that can react with 2,4-DNP
to form a hydrazone derivative that can be detected by the fluorescence at 370 nm.

While in the case of HNE, the possible hemiacetal formation (by the interaction between

11



C-4 hydroxyl group of HNE with the aldehyde group of the same HNE molecule) may
prevent the reaction of 2,4-DNP with the free aldehyde group of the HNE molecule, and
this may explain the failure to determine the carbonyl content of protein samples after
incubation with HNE. Furthermore, the reaction of 2,4-DNP with protein sample would
provide an approximate value for the carbonyl content of the protein sample, which in

turn would refer to the Michael adduct content [64].
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Figure 1.6: Reaction of HNE with a lysine residue through Schiff base formation, Michael addition, and
hemiacetal formation [68].

1.2.2.2 Reaction of HNE with Histidine Residues

The reaction of HNE with histidine in a protein molecule, represents one of the
primary targets for the reaction with HNE and is carried out through Michael addition
reaction [46] which consists of nucleophilic addition of the imidazole nitrogen atom to
the a,p- unsaturated double bond in HNE (Figure 1.7). The reaction usually continues to

12



involve the reaction between the C-4 hydroxyl group of HNE with the aldehyde group of

the same HNE molecule resulting in the formation of a stable hemiacetal [64, 68].
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Figure 1.7: Reaction of HNE with a histidine residue through Michael addition, and hemiacetal formation
[68].

1.2.2.3 Reaction of HNE with Arginine Residues

Arginine can provide an amine group that can react with HNE through Schiff base
or Michael addition to form different adducts (Figure 1.8). Different studies proposed
the ability of the arginine to react with 4-oxo-2-nonenal, in a model peptide, through
Schiff base and Michael addition reaction; however arginine amino acid failed to show
any adduction when incubated with HNE [63, 69]. On the other hand, Isom et al.
confirmed the ability of arginine to react with HNE through 2-pentapyrrole formation,
when cytochrome C had been incubated with HNE [46]. In accordance with the reaction
of lysine with HNE, hemiacetal formation might be expected for arginine Michael

adducts.

Obviously, arginine can provide more than one nitrogen atom that can react with the
aldehyde group of HNE through Michael addition (Figure 6.3), since any amino acid
that is expected to be modified by Michael addition should contain either a primary or

secondary amine group, while Schiff base formation requires only a primary amine

group.

Servetnick et al. demonstrated the ability of the arginine in reducing the level of AGEs

formation in protein samples incubated with high glucose levels, due to the reaction of
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arginine with carbonyl containing compounds which in turn reduce the level of protein

modification [70].
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Figure 1.8: Reaction of HNE with arginine amino acid through Schiff base formation and Michael

addition.

1.2.2.4 Reaction of HNE with Cysteine Residues

The sulfhydryl group of cysteine amino acid residues may undergo modification
with HNE through the Michael addition reaction to form a stable thio-ether derivative
(Figure 1.9), while the Schiff base reaction is not possible in this case [68]. The thio-
ether derivative that is formed due to Michael addition of HNE to cysteine, could not be
detected by the reaction with 2,4-DNP, although a free carbonyl group is available.
Again, the failure to give a positive result with 2,4-DNP may support formation of the

hemiacetal, but this is still unconfirmed [64, 68].
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Figure 1.9: The expected reaction of HNE with cysteine amino acid that would occur through Michael
addition reaction to form a thio-ether adduct.

1.2.2.5 Reaction of HNE with 2 Amino Acids Residues within a Single Protein
Molecule

A few studies have described the reaction between HNE and 2 amino acids, but

no significant data were recorded from these studies. An initial Michael addition of HNE

to an amino acid can leave a free aldehyde group which can then cross-link to another

amino acid through Schiff base formation. For example, the reaction of 2 lysine amino

acids with HNE can occur through an initial Michael addition followed by Schiff base

reaction to form a new adduct that is a 2:1 (lysine: HNE) adduct (Figure 1.10) [71].

Another case that can show a reaction between HNE and 2 amino acids is the reaction of
HNE with histidine and lysine. An initial Michael addition of HNE to histidine leaves a
free aldehyde group which in turn can react with another amino acid through Schiff base
formation as in the case of the reaction of a histidine-HNE-Michael adduct with lysine
(Figure 1.11) resulting in 1:1:1 (His:HNE:Lys) adduct [68].

15



OH

05H11
HNE =0
NH, NH, OH
A0
C5H1J1\/\/

Michael Addition Reaction
(o]
N A
VAVN N
H

I

WIUY

Schiff Base Reaction

o

N A
X N
o H

CsHqq

HN
NH
OH
H,N
o OH
H,N
o]

Free 2:1 (Lysine:4HNE) Adduct

Chemical Formula: C»4Hy4N,O5
Exact Mass: 432.33117

OH

C5H11

\f\,xv/[kkaw‘/

2:1 (Lysine:4HNE) Adduct
in protein molecule

1. Reduction Stabilisation (+ 2H)
2. Acids Hydrolysis with 6N HCI

o

-y

Figure 1.10: Reaction of HNE with two lysine amino acids through initial Michael addition followed by
Schiff base adducts formation. X represents a specific number of amino acids residues.

HNE
NH; CsHi1 NH
_o 2
CSHJ\/\/O

NH

I P o Michael Addition Reaction />

\I\I\f‘)]\ N ~nX N N \J'\X
H o) H
0 o}
Schiff Base Reaction
OH OH
CeH1s NH CsH11
1. Reduction Stabilisation (+ 2H)
N 2. Acids Hydrolysis with 6N HCI
{ N/> /> o
o oA
H,N HoN Hox \,\r\
(¢]
Free 1:1:1 (Histidine:4HNE:Lysine) Adduct 1:1:1 (Histidine:4HNE:Lysine)
Chemical Formula: Cp;H3gNsOs Adductin protein molecule
Exact Mass: 441.29512
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16




1.3 Preparation of Protein Samples for Acid Hydrolysis

1.3.1 Extraction of Proteins from Biological Samples

Isolation and purification of proteins in a protein mixture is an essential step in the
amino acids (free and modified amino acids) composition determination in a particular
protein before the hydrolysis method. The purification method depends on some
physical characteristics of the protein such as solubility, polarity, molecular size, charge,

and specific interactions.

Table 1-1 shows different extraction and purification techniques which enable us to
separate a particular protein from a protein mixture, depending on some of the physical

and chemical properties of the required protein [72].

Table 1-1: Physico-chemical properties of protein exploited by the different separation techniques [72].

Technique Properties of protein
Centrifugation Solubility
Gel filtration Size
lon exchange chromatography Charge, with some influence of polarity
Paper electrophoresis Charge and size
Paper chromatography Polarity
Thin layer electrophoresis Charge and size
Thin layer chromatography Polarity
Polyacrylamide gel electrophoresis Charge and size
HPLC Polarity
Gas chromatography Volatility of derivatives
Counter current extraction Polarity; some specific interactions
Affinity chromatography Specific interactions
Covalent chromatography or irreversible binding Disulfide bond; reactivity of homoserine lactone

1.3.2 Reduction with Sodium Borohydride (NaBH,)

Reduction of non-enzymatic modification products such as Schiff bases is an
essential step for ALEs analysis prior to acid hydrolysis, since these adducts are liable to
acid hydrolysis. The reduction step is carried out by addition of an enough molar excess
of NaBHy, (preferably of an alkaline pH) to the protein sample, by dissolving a certain
amount of NaBH, in dilute NaOH (0.01N) or sodium bicarbonate, whereas neutral
phosphate buffer is used as solvent for protein samples. The reaction between the protein

samples and NaBH, is allowed to continue for 1-4 hours at room temperature[16]. A
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fresh solution of 5M NaBHj, is prepared by dissolving 378.5 mg of NaBH, in 2 ml of
HPLC grade water. A protein sample should be incubated with 0.42 M solution of
NaBH, by the addition of 37.5 pl of 5M NaBH, solution to 400 ul of protein sample
which had been incubated with 11 ul of the modifying aldehyde.

1.3.3 Hydrolysis of Normal and Modified Proteins

Hydrolysis of a protein is an essential step in a protein and peptide identification.
An accurate and precise hydrolysis procedure is required in order to determine amino
acid composition for proteins, peptides, and other proteinaceous compounds [73, 74].
Different hydrolysis protocols had been reported such as enzymatic digestion [75, 76],
alkaline hydrolysis using 5M NaOH [77], and acid hydrolysis with HCI [74, 78-81].

The acid hydrolysis protocol (described by Macpherson, Moore and Stein) with 6N HCI
for 24-72 hrs at 110°C is the most widely used hydrolysis method for proteins analysis
over the last few decades [79]. Strong acidic conditions (6N HCI) at such a high
temperature (110°C) are enough to break down the peptide linkage in proteins and
peptides (Figure 6.4) resulting in a smaller peptide segments which are then subject to
further degradation into free amino acid residues. However, there are some problems
with this method such as valine and isoleucine being incompletely hydrolyzed and
threonine and serine being subject to a higher destruction rate during acid hydrolysis
[74]. Furthermore, sulfur containing amino acids (methionine and cysteine) are partially
destroyed [82] or oxidized to methionine sulfone and cysteic acid; tryptophan is totally
destroyed [78], and tyrosine is heat sensitive and partially destroyed [79]. Aspargine and
glutamine are recovered as aspartic acid and glutamic acid due to deamination. Cysteine
and cystine usually determined as one unit (cysteine-cystine content) due to partial
destruction of cystine to cysteine or oxidation to cysteic acid [73].

Acid hydrolysis with 6N HCI at 110°C for 24-72 hours is time consuming, and hence
another hydrolysis method was suggested by Roach and Gehrke (1970) where protein
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hydrolysis is done under vacuum using 6N HCI at 145°C for 4 hrs [78] according to the

following procedures:

a)

b)

d)

f)

9)

Weigh about 10 mg of protein sample in to 25 *200 mm Pyrex glass screw —top
culture tubes.

10 ml of 6N HCI is added to the sample.

Dissolved air in the protein sample should be removed using a glass “T”
arrangement (attached with one arm to vacuum pumping and to the other arm to
nitrogen supply) with a rubber stopper was fastened into the tube. Additionally, a
Whitney valve is placed in the vacuum line so that the vacuum and nitrogen gas
pressure can be controlled. The pressure inside the sample tube is reduced to
about 0.2 mmHg via vacuum pumping. The sample tube then held in an
ultrasonic bath for about 10 sec to remove the dissolved air from the solution.
Finally, the tube was purged with nitrogen gas (slight flow) to remove any source
of oxygen that is responsible for oxidation process during acid hydrolysis
process. Sonication was used to remove dissolved air before placing the
hydrolysis vessel in the oven [78].

In order ensure that all dissolved air in the sample was removed, the previous
step (pressure reduction, sonication, and N, purging) should be repeated 3 to 5
times.

The Whitney valve is partially closed so that a slight nitrogen stream would flow
through. On the other hand, the nitrogen valve is slowly turned on so that a slight
nitrogen gas pressure would be formed inside the sample tube.

The sample tube was tightened with PTFE-lined screw cap after the removal of
the “T”.

The sample tube is then placed in an oven at 145 + 2°C for 4 hrs = 5 min. The
sample is then removed from the oven and allowed to cool to room temperature
and the sample is ready now to be analyzed for individual free and modified

amino acids detection.
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1.3.4 Solid Phase Extraction (SPE) Methods

SPE can be used in two different ways for sample clean up prior to analysis: (a)
scavenger SPE, and (b) catch and release SPE. Scavenger SPE is based on retaining
impurities which carry a net electric charge opposite to that of the desired compounds.
Retention of the impurities by the SPE sorbent bed allows for the desired compounds to
pass through [83]. For example, removing of the negatively charged impurities from the
positively charged amino acids mixture is done by using strong anion exchange (SAX)
SPE cartridges for this purpose. Isolute-SAX SPE cartridge from Biotage Company is
composed of silica based quaternary ammonium ion [-Si-(CH,)s -N*- (CHz)z CI7 with
an average pore diameter of 60 A [84]. Negatively charged molecules will be retained on
the SAX sorbent bed by interaction with the positively charged quaternary ammonium
ion backbone of the SAX sorbent bed and by chloride exchange. It should be mentioned
that SAX SPE will only retain negatively charged molecules, while neutral and

positively charged molecules can pass through the sorbent bed.

Catch & release SPE is based on removing impurities by retaining the compounds of
interest, which carry a specific charge, to be eluted in a different step. The catch &
release SPE method can be carried out using strong cation exchange (SCX) cartridges
from different manufacturer (Figure 1.12) to separate positively charged amino acids
from neutral and negatively charged impurities in amino acids mixture. Strata-SCX
cartridge from Phenomenex Inc company is composed of silica bonded benzene sulfonic
acid with an average pore size of 70 A; Isolute-SCX-2 cartridge from Biotage company
is composed of silica based propyl-sulfonic acid with an average pore size of 60 A [83,
84].
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Figure 1.12: SPE-SCX structures for different type from different sources.

1.3.5 Protein Precipitation Filtration (PPT+)

Protein precipitation can be carried out using a 96-well plate from the Biotage
Company which represents a new era in the high throughput sample preparation
technique. The principle of this technique depends on protein removal from the
biological samples using filtration technique, which totally displaced the routine
centrifugation technique, with no off-line steps. PPT technique is a non-selective method

suitable for acidic, basic, and neutral compound extraction [84].

Isolute PPT+ filtration cartridges used with a 96-well plate consists of a single frit which
is composed of sintered polyethylene matrix with an average porosity size of 20 um.
The thickness of the frit is more than 1 mm and pores run in multidirectional pathways
leading to high retention percentage for the particles < 20 um [83, 84]. So, dissolved and
un-dissolved particles which have an average diameter less than 20 um can pass through
the filtration system by in-depth filtration, whereas larger particles and precipitated
protein molecules are retained by the frit without complete blockage of the filtration
array.

Protein precipitation protocol (Figure 1.13) includes spiking 300 ul of protein sample or
amino acids standard solution into Isolute PPT+ array filled with 1 ml acetonitrile
(crashing solvent) to remove any protein material by precipitation without off-line

vortex. Allow for the mixture to stand for 10 min, then the filtration process
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accomplished by using 96-well plate vacuum manifold operating at 10 mmHg [85]. The
filtrate should be collected in a dry and clean 4 ml vial and subject to evaporation under
slight nitrogen stream at 50°C till dryness, and then re-dissolve in 400 pl of HPLC grade
water, and the samples are ready to be analysed by LC-MS.

Apply crash Apply Precipitation Apply
solvent Flasma oceurs - no vacuum

vortex
mixing
required
Oiotimized

fitration | F——-—]
system | =y

Protein is
retained by
depth filter

system

Bottom frit prevents dripping

Figure 1.13: Protein precipitation protocol [84]

Acetonitrile has been recommended by Biotage Company as the best crashing solvent
for protein precipitation in the biological samples [84]. Different studies confirm the

suitability of acetonitrile for protein precipitation from biological samples [86-88].

A neutralisation step with 1 M solution of Na,COs in a volume of 2:1 (Na,COj3 solution:
protein-hydrolysate solution) after HCI hydrolysis step is essential to keep the pH of the
hydrolysed samples around 3-5. At such pH range most of the amino acids will be in the
zwitterionic form which is suitable for both negative and positive ion mass spectrometry
detection. Accurate adjustment for the mobile phase pH (within acceptable acidic range)
is essential to retain a net positive charge on the terminal amine group of the amino
acids. A net positive or negative charge is required for perfect separation of these
compounds on HILIC column.

Extra precautions should be considered when adjusting the pH of the sample and the
mobile phase as the stability of the silica may be affected by strong acidic or basic
conditions. So, the pH of the samples and the mobile phases should be kept within this
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limit, as acidic conditions may affect the stability of the ZIC-HILIC matrix (a pH range
of 2-10 is recommended for the polymeric based ZIC-pHILIC column while a pH range
3-8 is recommended for silica based ZIC-HILIC column) [89].

1.4 Chromatographic Separation Techniques
1.4.1 Reversed-Phase Liquid Chromatography (RP-LC)

RP-LC is the most common separation technique [90] and it is highly compatible
with ESI source of a mass spectrometer [91]. The retention of the analytes on a RP-LC
column depends on the lipophilic interaction of the non-polar parts of analyte molecules
with the lipophilic stationary phase of the column. Hence, it is recommended for the
separation of lipophilic compounds [92]. However, other mechanisms have been
suggested for RP-LC phenyl phase stationary phase such as hydrogen bonding, ion-
exchange and n-m interaction [93]. Polar compounds need derivatisation step prior to
RP-LC in order to be retained on a lipophilic stationary phase. Derivatisation will
improve retention of polar compounds by the RP-LC, in addition to the improving in the
ESI response for these compounds [94].

The stationary phase of the analytical columns used for RP-LC is mainly composed of a
silica base modified with hydrocarbon chain. The retention of the non-polar compounds
on the RP-LC column depends on the carbon load of each stationary phase; the retention
time for non-polar compounds increases as the carbon load on silica particles increases.
The stationary phase of a C-18 (octadecylsilane) column contains the highest carbon

load followed by C-8> C-4>phenyl> and cyanopropyl column [95].

Acetonitrile and methanol are recommended as mobile phases for RP-LC coupled to
mass spectrometry [96]. Replacement of methanol with acetonitrile in a mobile phase
would decreases the retention time for non-polar compounds on RP-LC columns due to

higher solubility of the lipophilic compounds in acetonitrile than methanol [95].
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Different factors can affect the chromatographic retention and resolution of the analytes
in RP-LC such as particle size, column internal diameter (column id), column length,
pore size [97], type of column modifier (C-18, C-8, C-4, or aminopropyl) [95, 97],
temperature [98], flow rate [99], type of buffer system, pH [90, 100, 101], and the

mobile phase content (agueous to non-aqueous percentages) [102].
1.4.2 Hydrophilic Interaction Liquid Chromatography (HILIC)

HILIC is a high-performance liquid chromatographic technique used for the
separation of polar and hydrophilic compounds [103]. The principle of HILIC is similar
to that of normal phase chromatography (NP-LC), but the eluent solvent system consists
of water and a water miscible organic solvent instead of the non aqueous mobile phase
used in NP-LC. A typical HILIC applications use acetonitrile at a concentration between
50-95% in water or volatile buffer such as aqueous ammonium formate, ammonium
acetate or their acids, which have high solubility in organic solvents [104]. The ZIC-
HILIC column (150 x 4.6 mm with a particle size of 5 um and a pore size of 200 A)
manufactured by Merck SeQuant AB (Sweden) is an example of column used for HILIC
separation. It is composed of a sulfonalkylbetaine zwitterionic functional group
covalently bonded onto a silica backbone with a net charge of zero [104] (Figure 1.14).
Separation of polar molecules can be achieved with high efficiency using a ZIC-HILIC
column due to the zwitterionic nature of the column [105]. The mechanism of
compound retention on a ZIC-HILIC column is based on the partitioning of the polar
analyte between the water-rich layer at the surface of the stationary phase and the high
organic content of the mobile phase [106]. The second mechanism involves electrostatic
interaction of the charged molecules (positive or negative) with the negative charge of
the sulfonate or positive charge of the ammonium ion on the stationary phase of the ZIC-
HILIC column [89]. However, hydrogen bonding and dipole-dipole interactions have

also been suggested as factors producing retention on the ZIC-HILIC column [107].
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Different factors can affect the retention of polar analytes by the ZIC-HILIC column
including: the concentration of the buffer, pH of the mobile phase, in addition to the
percentage of the organic solvent used in the mobile phase [106].
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Figure 1.14: Sulfonalkybetaine zwetterionic functional group of the HILIC column bonded to the silica
backbone of the HILIC column [89].

1.5 Mass Spectrometry

Mass spectrometry has been applied extensively in the study of protein
modification by reactive aldehydes [20, 21, 29, 42, 43, 45, 46, 108-111]. The tendency
has been to focus on the study of aldehyde modified peptides released from modified
proteins by enzymatic digestion. Orbitrap mass spectrometers are considered perfect
qualitative and quantitative analysis tool for low molecular weight compounds and
macromolecules [112, 113] and can be readily applied in the study of protein

modification.
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1.5.1 Electrospray lonisation (ESI)

ESI is a pneumatically assisted electrospray process which consists of nebulising
a solution through stainless steel or a fused silica capillary with the help of the coaxial
nebulising gas, usually nitrogen (N,), at atmospheric pressure (Figure 1.15). ESI
involves production of a fine spray, with the assistance of a strong field potential (e.g.
4.5 kV). The charged droplets formed will be subject to subdivision due to internal
Coulombic repulsion until the generation of individual gas phase ions occurs. Use of

heat can accelerate the process of droplet evaporation [112].
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Figure 1.15: Electrospray ion source of the mass spectrometry [112].

Different theories have been proposed to explain the formation of gas phase ions from
the nebulised charged droplets, but all of them still in their early stage and further
investigations are required. However, two mechanisms have been accepted to explain
the formation of gas phase ions from the subdivided droplets: the ion evaporation model
(IEM) and the charge residue model (CRM) [114]. The IEM model is a direct
implementation of “Coulomb droplet fission” concept, and it proposes that gas-phase
ions will be evolved from the subdivided droplets as the droplets radius reaches a critical
point at which the surface potential is large enough to help the desorption of the solvated
ions. The CRM suggests that electrosprayed droplets undergo evaporation and splitting
apart (fission cycle) up to the point where droplets contain an average of one analyte ion

or more and no more splitting is possible. The formation of gas-phase ions, according to

26



CRM theory, will occur after complete evaporation of the remaining solvent molecules.
IEM is most applicable to small molecules while CRM applies to proteins and big
molecules [112, 114-116].

A critical requirement for the ESI process is that the pH of the mobile phase should be
adjusted into a specific range that can help ionisable group either to acquire a proton
(positive mode) or eject a proton (negative mode). For example; an amine group requires
a slightly acidic condition to be ionised to ammonium ion which is positively charged
group and easily detected by LC-MS. Detection of neutral molecules is also possible
through adduct formation with other molecules such as: ammonia, potassium, calcium,

sodium, formate or acetate [112].
1.5.2 Mass Analyzer

In the mass analyser, gas phase ions are physically separated according to their
mass to charge ratio (m/z) rather than by mass only [113]. lons separation by mass
analysers depends on different physical properties such as their velocity, momentum or
the Kinetic energy [113, 117]. Different mass analysers have different operating
principles, but all of them use magnetic and/or electric fields (static or dynamic) to
separate ions according to their physical properties [113]. The efficiency and accuracy of
mass spectrometry largely depends on the performance of the mass analyser and its
resolving power. Mass analysers work on dispersing ions according to their m/z ratio,

and then focus them to be passed through a specific lens to the detectors [112].

Different mass analysers have different operating parameters and have different
characteristics related to their performance such as: mass range limit, accuracy,

resolution and resolving power, transmission, and analysis speed (scan speed) [113].

The Orbitrap mass analyser has advantages of high mass resolving power that can
exceed 100,000 calculated according to the full width at half maximum (FWHM) [112],
high mass accuracy (below 5 ppm), wide dynamic range, good duty cycle [118], good
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sensitivity and high mass range (up to 6000 amu) [92, 117]. However, the Orbitrap mass
spectrometry mass range is usually limited by mass range for linear ion trap (LTQ)
which is usually 50-2000 or 200-4000 mass unit [113]. Mass Resolution in an FT-ICR
analyser is inversely proportional to the m/z value, while the case is different with
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Orbitrap as the resolution is inversely proportional to (m/z)~“ value which results in a

stable resolution over a wide range of m/z values [119].

1.5.2.1 Orbitrap

Makarov proposed a novel type of mass analyser, known as the Orbitrap which
was commercially introduced onto the market by the Thermo Electron Corporation in
2005. The idea of Orbitrap based on the trapping the orbiting ions around a central axial
electrode with an electrostatic field [112, 113, 117]. In 1923 Kingdon was the first who
described the principles of an Orbitrap where an electrostatic field is used to trap ions
orbiting around a central electrode, but he used this device for ion capturing rather than
mass analyser [112, 117]. The modern Orbitrap consists of an outer barrel shape
electrode (cut into two exact halves) and a coaxial inner spindle-like electrode [112, 113,
117]. The outer electrode consists of two exact halves with a small distance between
both of them. lons can be injected into the Orbitrap through small channel between the
two halves [113, 117]. The electrostatic field generated by the two electrodes permits the
trapping, rotating and oscillating of ions around a central spindle like electrode [118].
The m/z values of the trapped ions are related to the frequencies of the oscillating ions
along the z-axis of the Orbitrap [112, 117]. The frequencies of the trapped ions
oscillating around the inner electrode can be detected by using image current detection
that can detect the current induced between the two halves of the outer electrode. Fast
Fourier transformation correlates the currents induced in the two halves and converts

these currents into mass spectra [112, 117, 120].
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Figure 1.16: Schematic draw for the linear ion trap (LTQ)-Orbitrap (LTQ Orbitrap, Thermo). Adapted
from reference [121].

Orbitrap mass spectrometer presented by Thermo Electron Corporation (Figure 1.16)
consists of: ESI ionisation source, heated capillary (A) followed by multi-pole focusing
devices (B), a gating lens (C) followed by a focusing octapole, linear ion trap (LTQ)
followed by focusing multi-pole (D) which leads to new bent quadrupole (C-trap), and
finally the Orbitrap mass analyser [113]. In order to achieve high performance, a very
high vacuum (~10""° torr) is applied to Orbitrap mass analyser [120].

Thermo Electron Corporation fitted a linear ion trap (LTQ) to the Orbitrap which can
perform various MS or MS" experiments [112]. During a 1 second cycle in Orbitrap
mass spectrometry, the LTQ can produce ions in MS" mode which are then injected into
Orbitrap. Meanwhile, LTQ can perform another MS or MS" while the ions are being
detected by the Orbitrap. Because high resolution acquisition requires more time than
low resolution acquisition, therefore it is possible to have 2 low resolution acquisitions
from the LTQ and 1 high resolution acquisition from Orbitrap at the same time [113].

S" spectra generated by LTQ for a specific precursor ion can be detected in low
resolution (at 15000) either by LTQ [122] or Orbitrap mass analyser [121]. However,
Orbitrap can provide much cleaner MS/MS spectra as compared to that one obtained by
LTQ [121].
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lons generated by ESI will be guided though different multi-pole focusing devices
leading to LTQ which is coupled to Orbitrap through C-trap. The C-trap acts as trapping
and focusing device allowing storage of ions, with the help of nitrogen gas to quench
their energy, until ejection toward Orbitrap [113]. Additionally, C-trap can store
background ions of known composition and use them as lock masses (internal
calibrants) in the real time domain to correct any mass deviation through a simple
mathematical correlation. Calibrant ions will be injected into C-trap followed by sample
ions, then injected together into Orbitrap allowing for real time correction for analyte
masses [119]. Short pulses of high voltage will eject ions from C-trap into Orbitrap. In
order to avoid space charge effect or over filling of LTQ or Orbitrap above the specified
values, a gating lens (C), known as automatic Gain Control (AGC), will control the
number of ions injected into the LTQ and hence number of ions being injected into
Orbitrap [112, 113]. A pre-scan event for the total ion charge before injection into LTQ
will help AGC to control ion injection time required for each mass scan [118]. For
example, if the target value for the LTQ was specified as a maximum of 30,000 charges
per scan to fill the LTQ with ions, and the pre-scan in AGC has detected 10,000 charges
per 1 ms, that means LTQ needs 3 ms to be filled with requested number of ions [123].
The Orbitrap scan time is proportional to the required resolution; the Orbitrap scan time
would be 0.1 sec with a resolution of 7500, 0.4 sec with a resolution of 30,000, and 1.9
sec with a resolution of 100,000 [124].
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1.6 Limit of Detection (LOD), Quantification (LOQ) and Minimum
Detectability (MD)

LOD can be defined as the minimum amount of a specific compound that can be
detected by a specific detector such as a UV detector or mass spectrometry detector,
which gives a reasonable indication of the presence of that compound. LOD has a
specific indication for each analytical procedure and can be different from one procedure
to another. The LOD usually refers to a sample prepared by the complete analytical
procedure including extraction and dilution steps. While minimum detectability (MD)
can be defined as the minimum concentration or amount of the analyte (in a solvent) that
produces enough signal to be distinguished from other noise. In most cases, MD can be
recognized as the signal/noise ratio (S/N) which is a readable value from the software
program used for data processing e.g. the Xcalibur program for mass spectrometry
analysis, and generally this value would be equal to 3 or more. Chromatographer may be

confused between LOD and MD because of their similarity [125].

Nevertheless, the LOD refers to complete analytical conditions such as extraction
conditions, temperature, column length and width, mobile phase and type of detector
being used, while MD cannot include these conditions and it refers specifically to the
sensitivity of the detector [125]. Since 2-alkenal adduct detection consists of a number

of operations, LOD expression will be used instead of MD.

Sometimes, LOD can be subdivided to instrumental detection limit (IDL) and method
detection limit (MDL). IDL refers to the minimum amount of the analyte that can be
detected with a certain level of confidence using a specific instrument (sensitivity of the
detector to detect a specific analyte), whereas MDL refers to the minimum amount of the
analyte that can be detected with a certain level of confidence using specific method
such as extraction and analysis method for a specific analyte in a matrix [126].

Three different methods for LOD and LOQ determination have been proposed by ICH
guidelines; these include: (1) signal to noise method, (2) visual determination of LOD
and LOQ [127-129] , and finally (3) standard deviation and slope method [130].
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1.7 SIEVE v1.2 Software

SIEVE software (Vast Scientific, Inc. Cambridge, MA and Thermo Fisher
Scientific, San Jose, CA, USA) is rigorous automated LC/MS differential analysis
software used to compare between different LC/MS data according to their intensity and
retention time [131]. It has two main processes: a chromatographic alignment process
and a framing process. Chromatographic alignment is done using a chromatographic
alignment algorithm to compare between similar chromatographic surfaces using the full
information obtained in each raw file. The framing process starts by classifying the mass
spectra from each raw file into a 3D plane [retention time (R;) vs mass/charge ratio (m/z)
vs mass intensity]. Another framing algorithm is applied to sort the mass spectra for all
raw files, above a specific threshold, according to their intensity. The process of frame
creation is based upon the most intense spectrum, and continues until all the mass
spectra have been defined. Finally, the SIEVE results generated are divided into m/z vs
retention time plane at 0.02 amu intervals. SIEVE v1.2 software performs a t-test to look
for the statistically significant differences in the extracted ion chromatograms between
the 2 sets of samples assigned as control vs treated samples. Extracted ion
chromatograms which show a significant difference are sent to the SEQUEST and
Chemspider databases for peptide and small molecule identification respectively. The
Frames provide useful information about the quality of the results: the p-value, ratio,
standard deviation for the ratio, number of MS? scans, MS/MS correlation, ratio and

total ion chromatogram (TIC) normalized ratio [131].
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2 CHAPTER TWO: Experimental
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2.1 Chemicals

All chemicals used were of analytical reagent grade or better. The following
materials were obtained from SIGMA® (Sigma-Aldrich Poole, Dorset, UK): ammonium
bicarbonate, bovine serum albumin, human serum albumin, hydrochloric acid solution
(constant boiling). The following materials were obtained from Sigma-Aldrich Chemical
Co., Gillingham, Dorset, UK): hydrochloric acid solution (constant boiling), phosphate
buffered saline (PBS) tablets, NaBHy,, acrolein (Acr), crotonaldehyde (Cro), t-2-pentenal
(Pne), t-2-hexenal (Hxe), t-2-heptenal (Hpe), t-2-nonenal (Nne). The following materials
were obtained from BDH Merck Laboratory Supplies, Lutterworth, UK: ammonium
formate, sodium hydroxide, HyperSolv® HPLC grade acetonitrile, ammonia, ethyl
acetate, formic acid, methanol and water. The EZ:faast kit for amino acids extraction
and derivatisation was obtained from Phenomenex® (Macclesfield, U.K.) 4-
hydroxynonenal (HNE) was obtained as liquid solution in hexane (5 mg) from Axxora
Ltd (Nottingham, U.K.).

2.2 Preparation of the Amino Acids Standard Solutions

A standard amino acid mixture was prepared by diluting 100 pl of amino acid
standard reagent from the EZ:faast kit (consists of 200 nmol/ml of each amino acid) with
800 ul of HPLC grade water. An aliquot of 100 pl of internal standard from the
EZ:faast kit was added to the diluted amino acids mixture in a total volume of 1000 pl.
The internal standard consisted of 200 nmol/ml of homoarginine (HARG), methionine-
d3 (MET-d3), and homophenyalanine (HPHE). This sample was labelled as STD stock

solution which consists of 20 nmol/ml of each amino acid in a total volume of 1000 pl.

An acidified amino acids mixture was prepared by the same procedure described earlier,
with the exception of diluting 100 ul of amino acids standard reagent from the EZ:faast
kit with 750 pl of HPLC grade water instead of 800 pl. This followed by the addition of
50 pl of 0.1% HCI to the standard amino acid mixture to lower the pH of the solution to
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the acidic range (pH range 3 to 5). This sample was labelled as acidified STD stock
solution which consists of 20 nmol/ml of each amino acid in a total volume of 1000 pl.
The STD stock solution was used to validate LLE and PPT methods, whereas acidified

STD stock solution was used to validate the SPE method.

2.3 Production of Advanced Lipo-peroxidation End products (ALES)

The production of different ALEs will be explained in detail in this section. The
subsequent reduction step with NaBH, and acid hydrolysis step with 6N HCI, which are

essential to prepare these adducts for LC-MS detection, will also be discussed.
2.3.1 Production of 2-Alkenal Adducts

This method involved the incubation of proteins with different aldehydes
(acrolein, crotonaldehyde, 2-pentenal, 2-hexenal, 2-octenal and 2-nonenal) as follows: A
2.5 mg/ml solution of HSA or BSA (ca 0.04 mM) was prepared in PBS and an aliquot
(400 pl) was mixed with a 9 mM solution of aldehyde [by addition of 11 ul of 338 mM
solution of the aldehyde in acetonitrile] and overnight incubated at 37°C [132].

2.3.1.1 Production of HNE Adducts

Preparation of HNE adducts consists the same process for ALEs production with
the exception that, 2.5 mg/ml solution of HSA or BSA (ca 0.04 mM) was prepared in
PBS and an aliquot (400 pl) was mixed with a 6 mM solution of HNE solution [by
addition of 11pl of 229 mM solution of the HNE in acetonitrile] and overnight incubated
at 37°C. A solution of 229 mM HNE in acetonitrile was prepared by totally evaporating
n-hexane from the original packing [5Smg HNE solution in n-hexane] which had been
bought from Axxora Ltd, Nottingham U.K. under slight nitrogen stream, and then re-
dissolve it 140 pl of HPLC grade acetonitrile solution [132].
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2.3.2 Preparation of ALEs Compounds for LC-MS Detection: Acid
Hydrolysis Step

Different ALEs can be produced by incubating protein sample (HSA or BSA)
with different members of 2-alkenal series according to the procedure mentioned in
section 2.3. Reduction with NaBHj, is an essential step to stabilise these adduct against
harsh conditions during acid hydrolysis with 6N HCI. Acid hydrolysis was carried out
using the Roach and Gehrke method mentioned in section 1.3.3, in order to get
individual free and modified amino acids. Briefly, 400 pl of a 2.5 mg/ml of protein
sample (HSA, BSA) was overnight incubated with 11 pl of 338 mM solution of
aldehyde in a 10 ml test tube at 37°C in a constant temperature room. A reduction step
carried out by adding 37.5 ul of a freshly prepared 5M NaBH, solution to the protein
sample in a test tube. The sample was mixed for 10 sec then incubated for 1 hr at 37°C
in a constant temperature room. This step is essential to stabilise ALEs against acid
hydrolysis and to remove any reactive aldehydes by reducing them to their equivalent
alcohol molecules. Acid hydrolysis with 6N HCI was carried out by adding 400 ul of
6M HCI to the protein sample in a test tube; the samples were sonicated for about 5 min,
using water bath sonicator, and then were purged for 0.5 min under a slight nitrogen
stream. The temperature of a GC-oven set at 145°C, and then the test tubes were placed
inside the GC-oven at that temperature for 4 hrs +5 min. Such harsh conditions
(temperature and acidity) for 4 hrs are enough to breakdown all the protein and peptide
bonds (amide linkage) to get individual amino acids. The test tubes were removed from
the GC-oven after 4hrs and left it for about 10 min to cool down before starting the

extraction process [132].

For method validation process, samples should be compared with standards or a blank
sample. A blank sample can be prepared by the same procedure mentioned above with
one exception; the protein samples will be incubated with 11 pl of acetonitrile instead of
acetonitrile containing 2-alkenal aldehydes. Extraction of free and modified amino acids
was carried out by using either the EZ:faast method, solid phase extraction (SPE),

liquid-liquid extraction (LLE), or protein precipitation technique (PPT).

36



2.4 Extraction of Amino Acids & ALEs Compounds: Preparation for
RPLC-MS Injection

Extraction of the hydrolysate was carried out by using two methods in order to
prepare these compounds for mass spectrometry detection. The first method involved the
extraction and derivatisation of these compounds with propylchloroformate using the
EZ:faast method. The derivatised compounds are then separated on C-18 column using
RP-LC interfaced with ESI-FTMS. The second method involved the extraction of the
compounds of interest without derivatisation from the protein hydrolysate using either a
protein crash plate method (PPT), liquid-liquid extraction method (LLE), or solid phase
extraction method (SPE) to remove the proteinaceous material from the hydrolysate. The
second method is mainly applicable for the extraction and separation of the hydrophilic

compounds on HILIC column which will be discussed in section 2.5.
2.4.1 EZ:faast Method

In order to extract reduced aldehyde-modified amino acids from acidic aqueous
solutions, EZ:faast kit (Phenomenex®, Macclesfield, U.K.) was used. The EZ:faast
method is a recently developed method for amino acid analysis from protein hydrolysate
using liquid chromatography-mass spectrometry as a detection method. The EZ:faast kit
for analysis of protein hydrolysate contained solid phase extraction SCX packed tips,

reagents, and solvents used for derivatisation and extraction [133].
2.4.1.1 The EZ:faast Kit

The EZ:faast kit consists of 5 reagents (Table 6-1). The eluting medium is
prepared by mixing 3 parts of reagent 3A with 2 parts of reagent 3B in a capped vial; the
eluting solvent for the EZ:faast method should be freshly prepared each day. At the end

of the day, all remaining eluting medium should be discarded [133].
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2.4.1.2 Sample Preparation

Reagent 2 (1M Na,CO3) was added in a drop-wise manner to 100 ul of protein
hydrolysate (always keeping the ratio of 1:2 of protein hydrolysate to reagent 2), and the
sample was mixed for about 5 seconds. The pH of the solution was then adjusted to
between 1.5 and 5. The pH was checked using a Hydrion plastic pH meter strip (Micro
Essential Laboratories, New York, USA). Then about 50 pl of the mixture was pipetted
into an EZ:faast vial and 100 pl of reagent 1 was added and the mixture vortexed for 5
seconds [133].

2.4.1.3 Solid Phase Extraction (SPE)

Solid phase extraction was performed using the sorbent tips that were provided
with the EZ:faast kit (Figure 2.1). The sorbent tip will extract amino acids from protein
hydrolysate based on the cation exchange interaction between amino acids and the
sorbent substance in the tip. Other substances and contamination will pass thorough

without retardation by the sorbent tip [133].

Figure 2.1: Solid phase extraction tip provided with EZ:faast kit [133].

A syringe (1.5 ml) was attached to a sorbent tip, and the plunger was slowly pulled back
until all the solution in the vial has been withdrawn. After this point, all positively
charged amino acids will be retained by the solid phase particles. Water soluble
impurities were removed by addition of 200 pl of HPLC water which was pulled into the
syringe until air was pulled into the syringe to dry the solid phase. Syringe was then

detached and the liquid accumulated in the syringe was discarded. In order to drain the
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solid phase particles from the sorbent tip, 200 pl of elution medium (freshly prepared by
mixing 3 parts of reagent 3A with 2 part of reagent 3B) was added. A syringe (0.6 ml)
halfway pulled back was attached to sorbent tip, and the piston was pulled back to wet
the sorbent tip with elution solvent up to the filter, then directly ejected it with the
sorbent particles. The process was repeated until all sorbent particles were in the sample
tube [133].

2.4.1.4 Derivatisation Step

The second step in this method was the derivatisation of amino acids using
propylchloroformate to esterify the carboxylic acid groups of the amino acids to their
propyl ester form; the amine group of the amino acids will be modified to their propyl
carbamate (Figure 2.2). The process of derivatisation makes the amino acids more
lipophilic and more suitable for the next extraction step. Using a glass-tipped micro
dispenser, 50 ul of reagent 4 (propyl chloroformate in chloroform) was added, and the
resultant emulsion was vortexed for 8 seconds and left for 1 min. The sample was

vortexed again for another 8 sec and left for another 1 min [133].

(0] O H O
R%OH + 2 Cl)ko/\/ ——»/\/O\I(Nw)l\o/\/ + 2HCI + CO,
NH, O R
Amino acid Propylchloroformate alkylated amino acid

Figure 2.2: Derivatisation methods for amino acids by the EZ:faast method.

2.4.1.5 Liquid-liquid Extraction

The last step in this method was liquid-liquid extraction by the addition of organic
solvent (chloroform and iso-octane) to the sample, allowing for the derivatised amino
acids to migrate to the organic layer. At the end, all the derivatised amino acids will be
in the organic layer. LLE step was done according to the following protocol: a micro-
dispenser was used to add 100 ul of reagent 5 and sample was vortexed for 5 seconds
and then left for a further 2 min. A pipette was used to transfer 50 pl of the organic layer
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which was then evaporated under a slight stream of nitrogen. The sample was re-
dissolved in 100 pl of HPLC mobile phase, and the sample was transferred to HPLC
auto-sampler inserts to be analyzed by LC-MS [133].

2.4.1.6 Mobile Phase Preparation

A mobile phase of 10mM ammonium formate in water and 10mM ammonium
formate in methanol was prepared. An exact amount (160.87 mg) of ammonium formate
(purity 98%, Mw 63.06 g/mole) was weighed and transferred to two 250 ml beakers and
dissolved in about 200 ml of solvent, which was either a water or methanol. Using a pH
meter, formic acid was gradually added to the solution with stirring till the pH had been
adjusted to about 4.5, and the solution was then transferred to a 250 ml volumetric flask
and made up to the volume [133]. The mobile phase gradient used is shown in Table
2-1.

Table 2-1: Chromatographic eluting program. A: 10 mM ammonium formate in water; B: 10mM
ammonium formate in methanol.

Time A% B% Flow rate

0.00 30 70 0.25 ml/min
15.00 5 95 0.25 ml/min
20.00 5 95 0.25 ml/min
20.01 30 70 0.25 ml/min
29.00 30 70 0.25 ml/min

2.4.1.7 Instrumentation: Analysis of Derivatised Amino Acids Using RP-LC
Chromatography and an LTQ Orbitrap Mass Spectrometer

A Finnigan™ LTQ"" linear ion trap instrument (Thermo Electron Corporation, San

Jose, CA, USA) coupled with a Fourier transform LTQ Orbitrap” mass spectrometer

(Thermo Electron Corporation, San Jose, CA, USA) was used in order to determine the

masses and elemental compositions of the derivatised adducts. The system was equipped

with a surveyor HPLC system (Thermo Electron Corporation, San Jose, CA, USA)

consisting of a Surveyor MS pump, a Surveyor as auto sampler, and a Surveyor PDA
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UV-detector. Xcalibur™ software version 2.0 (Thermo Electron Corporation, San Jose,
CA, USA) was used for the acquisition of data. Full scan mass spectrometry was
operating at positive polarity with the following parameters: a mass resolution set at
60,000 (FWHM), capillary temperature 350°C, injection time 100 ms, and mass range:
50-1000 amu. The ionization was generated in positive mode and the spray voltage set at
4kV; sheath and auxiliary nitrogen gas were applied to help the evaporation of the
solvent at a flow rate of 60 and 20 arbitrary units, respectively. All MS/MS scan were
performed with an isolation window of 1 amu and collision induced dissociation (CID)
set at 35% as fragmentation energy. Helium gas was used as collision gas to help
trapping the ions in the LTQ quadrupole during MS/MS fragmentation process.
Separation of the analytes was carried out on a Phenomenex® the EZ:.faast AAA-MS
column (250x2.0mm, 4um particle size). The column oven temperature was set at 40°C.

The mobile phase conditions are shown in Table 2-1.
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2.5 Extraction of Amino Acids & ALEs Compounds: Preparation for
HILIC-MS Injection

The second method used for analysis involved the extraction of the compounds of
interest without derivatisation from the protein hydrolysate. Three methods for removal
of proteinaceous material from the hydrolysate were compared in this step: solid phase
extraction method (SPE), liquid-liquid extraction method (LLE), and protein crash plate
method (PPT).

2.5.1 SPE methods

Different SPE methods (mentioned in section 1.3.4) were examined to compare
their efficiency for the analysis of the protein hydrolysate. These include examination of
SAX-SPE method (Scavenger SPE method) and SCX-SPE method (Catch and release
SPE method).

Scavenger SPE protocol involves column solvation (Isolute-SAX SPE cartridge from
Biotage Company) with 1 ml of methanol, followed by column equilibration with 1 ml
of 0.1% HCI to maximise the retention of impurities by the sorbent particles during
sample loading step. Finally, 300 ul of acidified STD stock solution (amino acid mixture
prepared according to the procedure described in section 2.2) was loaded on the SAX
sorbent bed. The filtration process accomplished by using vacuum manifold operating at
10 mmHg to ensure a maximum flow rate of 1 ml/min. The filtrate which contains the
desires compounds (neutral and positively charged amino acids) should be collected for

detection (Figure 6.5).

Catch & release SPE protocol involves column solvation (either Strata-SCX cartridge
from Phenomenex Inc company or Isolute-SCX-2 cartridge from Biotage company) with
1 ml of methanol, followed by column equilibration with 1 ml of 0.1% HCI solution to
maximise the interaction between the positively charged molecules and the SCX sorbent
particles of Strata-SCX or Isolute SCX-2 cartridges. A volume of 300 ul of acidified

STD stock solution was loaded on the SCX sorbent bed. On contrast to the scavenger
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SPE method, the compounds of interest (positively charged amino acids) being retained
on the SCX bed , due to the interaction with the negatively charged sulfonium ion group
of the sorbent bed. Furthermore, column washing step with 1 ml of 1:1 (0.1% HCI in
water: 0.1% HCI in methanol) is required to remove any remaining impurities (neutral

and negatively charged molecules).

Finally, the retained compounds of interest could be eluted from the SCX sorbent bed by
using 2 ml of (5%) NH;OH/methanol solution (Figure 6.6). During this step, ammonium
ion will displace the positively charged amino acids from the sorbent bed, leading to the
elution of the positively charged amino acids with the filtrate. Collect the filtrate in clean
and dry 4 ml vial as it contains the desired compounds [83]. Vacuum manifold operating
at 10 mmHg was used in any single step of catch & release SPE method to ensure a

maximum flow rate of 1 ml/min.

The collected filtrates from scavenger or catch & release SPE subject to complete
evaporation till dryness under slight nitrogen stream at 50°C, and then re-dissolved in
400 pl of HPLC grade water, to avoid sample to sample fluctuation in amino acids

concentrations.
2.5.2 Liquid-Liquid Extraction Methods (LLE)

LLE is a very common and versatile technique, whereby 2 immiscible solutions
(aqueous and organic) brought into contact allowing free movement of the compounds
between these 2 immiscible layers according to their partition coefficient (log P). For
compounds to be soluble in the aqueous layer, it is essential for these compounds to
contain some polar or ionisable groups to dissolve in the aqueous layer rather than

organic layer.

Extraction of amino acids using LLE was examined using 2 types of organic solvents:
heptane and chloroform. Both organic solvents can dissolve lipophilic compounds from

protein samples. So, free amino acids should have higher solubility in the aqueous layer
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rather than organic layer due to low partition coefficient (log P); such low partition
coefficient for amino acids can be attributed to the availability of ionisable groups
(carboxyl and amine group) in the structure of the amino acids.

The LLE protocol consisted of mixing 300 pl of STD amino acid stock solution
(prepared according to the procedure described in section 2.2) with 600 ul of the organic
solvent (heptane or chloroform). Vortex the liquids mixture for 1 min, then leave for 5
min. Pipette the aqueous layer using 1 ml syringe into clean and dry 4 ml vial. Evaporate
the aqueous layer till dryness under slight nitrogen stream at 50°C, and re-dissolve in
400 pl of HPLC grade water. On the contrary to the case where chloroform is used as
organic solvent, the aqueous layer will be the lower layer in the case where heptane is

used as organic solvent.
2.5.3 Protein Precipitation (PPT+) Filtration Technique

In order to prepare protein hydrolysate samples for PPT extraction, the next step
was to bring the pH of the protein hydrolysate within the acceptable range (3-5); a
volume of 1.697 ml aliquot of 1M Na,COj3 was required to neutralise the acidity of the
protein hydrolysate [prepared according to the procedure described in section 2.3] and

elevate the pH within the range 3-5.

The concentration of the albumin protein samples before starting the PPT method is
about 0.39285 mg/ml, according to the calculations done in Table 2-2. An initial volume
of 0.4 ml of 2.5 mg/ml protein sample was diluted to a final volume of 0.8485 ml by the
addition of 0.011, 0.0375, and 0.4 ml of 2-alkenal aldehydes, NaBH,, and HCI,
respectively. A neutralisation step is done by addition of 1.697 ml of Na,COs. The
concentration of the protein sample till the point of PPT extraction step would be about
0.3929 mg/ml in a total volume of 2.5455 ml.

Extraction with PPT cartridges was carried according to the following procedure: add 1

ml of ACN to the cartridges, leave for 1 min then spike 300 pl of protein sample or
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amino acids standard solution (STD stock solution, prepared according to the procedure
described in section 2.2, is used for PPT method validation). An aliquot of 100 pl of I.S
(reagent 1 from the EZ:faast kit) should be added in the case of protein hydrolysate
validation. The sample should be left over for 10 min to make sure that all proteinaceous
compounds from the hydrolysed sample had been precipitated. The filtration process is
accomplished by using 96-well plate vacuum manifold operating at 10 mmHg [85]. The
samples were collected in 4 ml vials and the evaporated to dryness using a dry-block at
50°C and nitrogen stream, and then re-dissolve in 400 ul HPLC water. However, carry
over tests for amino acids separation and detection from protein hydrolysate samples
which had been extracted using PPT method show a minimum amount of amino acids
after the 3 runs. So, it is recommended to re-dissolve the evaporated hydrolysate samples
after filtration with PPT cartridges with 600 ul instead of 400 pl HPLC grade water.

Table 2-2: Concentration of albumin protein sample till PPT extraction step.

Steps Volume (ml) | Concentration (mg/ml)
HSA 0.400 25
2-Alkenal aldehyde 0.011
Reduction step with 5M NaBH, 0.0375
Acid hydrolysis step with 6 N HCI 0.400
Final volume 0.8485
Protein conc. after acid hydrolysis step 1.1786
Neutralisation step with Na,CO3; 1.6970
Final volume 2.5455
Final protein concentration before PPT extraction 0.3929

2.5.4 Instrumentation: Analysis of Un-derivatised Amino Acids and their
Adducts Using HILIC Chromatography and an LTQ Orbitrap Mass
Spectrometer

Finnigan LTQ iontrap mass spectrometry (Thermo Electron Corporation) coupled
with Fourier transform LTQ-Orbitrap hybrid mass spectrometer equipped with an
electrospray ionization (ESI) source for accurate mass detection. The mass spectrometry
system connected to a Finnigan Surveyor Plus HPLC System consists of Finnigan

Surveyor Autosampler Plus and a Finnigan Surveyor MS Pump Plus fitted with an

ZIC®-HILIC column (5um, 200 A, 150x4.6mm; HICHROM, UK). A ZIC®-HILIC

column was used for chromatographic separation of hydrolysed protein samples. Full
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scan mass spectrometry was operating at positive polarity with the following parameters:
a mass resolution set at 60,000 (FWHM), capillary temperature 250°C, injection time
100 ms, and mass range: 50-1000 amu. The ionization was generated in positive mode
and the spray voltage set at 4kV. Sheath and auxiliary nitrogen gas were applied to help
the evaporation of the solvent at a flow rate of 40 and 10 arbitrary units, respectively.
The mobile phase used in this case was 0.1% (v/v) formic acid in water (A) and 0.1%
(v/v) formic acid in acetonitrile (B) in a percentage of 10 (A): 90 (B) with a follow rate
of 500 pl per min. The elution program started at 10% A: 90% B. The percentage of A
increased from 10% to 60% over 20 min, followed by Isocratic elution for another 20
min (60% A: 40% B). The washing period was over 2 stages: stage one started with the
gradual decrease in the percentage of the mobile phase (A) from 60% to 10% over 5 min
and the second stage continue as isocratic elution (10% A: 90% B) for another 5 min;

the overall run time of the sample was 50 min.

2.5.4.1 Data Dependent Acquisition (DDA) Fragmentation

Data dependent acquisition (DDA) represents a new development in handling
huge data generated be mass spectrometry, as it has increased the capability of the mass
spectrometer to perform more than one scan even in the same time. Normally, a full scan
event would be coupled with tandem mass event(s) to be performed in the same time.
The selection of precursor ions from the first mass scan event (usually full MS scan) that
would subject to tandem mass based on previously specified parameters in the DDA
method; different mass spectrometry experiments can be initiated once the incoming
data coincides with previously specified parameters.. DDA criteria can be manipulated
in order to: (1) determine the range and threshold for precursor ion selection, (2) specify
the type of tandem mass scan (product-ion scan, SRM or MRM), and (3) to exclude and
background ions or any interfering ions [112, 122]. One requirement for DDA is that the
threshold for the precursor ion should be set at or slightly below the noise level for

optimum results. Setting the threshold higher than the noise level can decrease the
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number of the acquired spectra, while setting it below the noise level can result in false

results.

For example, parameters for mass spectrometry can be set to initiate data dependent
fragmentation for lysine amino acid (m/z=147.1128) once lysine was detected in
sufficient intensity in the previous scan time. So that a total scan and a MS2 scan for
lysine can be performed in the same run. Usually, the data dependent scan will consider
the most abundant ion from the previous scan, but parameters can be changed to set a list
of parent ions that can be subject to MS2 fragmentation once these parent ions could be
detected in sufficient intensity [134]. All DDA scan were performed with an isolation
window of 1 amu and collision induced dissociation (CID) set at 35% as fragmentation
energy. Helium gas was used as collision gas to help trapping the ions in the LTQ

quadrupole during MS/MS fragmentation process.
2.6 Plasma Samples of Diabetic and Obese Patients

Plasma samples from diabetic and obese patients were used to screen for different
types of modified proteins such as advanced glycation end-products (AGEs), advanced
lipo-peroxidation end-products (ALEs), 4-hydroxy-nonenal (HNE) adducts, and
malondialdehyde (MDA) adducts. Plasma samples were obtained from the Queen’s
Medical Research Institute, University of Edinburgh with full ethical approval from
volunteers who had enrolled in another study. The plasma samples were stored a -80°C
until being analysed. The samples were allowed to thaw at room temperature and then

immediately processed.

The process of protein extraction from plasma included the addition of 1 part of plasma
to 5 parts of acetonitrile in a 1.5 ml Eppendorf tube. Acetonitrile (1 ml) was pipetted into
1.5 ml Eppendorf tube and then plasma (200 pl) was spiked into the centrifuge vial. The
sample was centrifuged for 12 min at 4000 rpm. The supernatant was then removed out
of the centrifuge vial into a separate vial labelled as “supernatant layer”. The centrifuge

vial was then placed under a stream of nitrogen for 3 min in order to remove the
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remaining acetonitrile. PBS (1 ml, pH 7.4) was then added to the centrifuge vial in order
to dissolve protein precipitate; pellet pestle was used to disrupt large protein
aggregation. The samples were left for 5 min and then 800 pl of the solution was
pipetted into 4 ml vial, labelled as “PPT layer vial”. The protein precipitate was mixed
for 2 min (using pellet pestle), followed by the addition of another 1 ml of PBS (pH 7.4).
The samples were vortexed again for 1 min, then all the remaining volume was
transferred into the “PPT layer vial”. An additional 1 ml of PBS (pH 7.4) was added
before starting the filtration process in order to ease the process of filtration. The
filtration process was carried out by using a Millipore filter (0.22 um); usually 2 filters
were required for 3-4 ml protein solution by switching from one filter to another clean
one when flow blockage occurred in the first one.

Evaporation process was used to concentrate the protein content in 1 ml of PBS using a
slight nitrogen stream at 50°C. The concentration of protein in the sample after
precipitation, re-dissolving and filtering was estimated to be 7-11 mg/ml. Finally, an
aliquot of filtered sample (400 ul) was subjected to the standard acid hydrolysis
procedure with 6N HCI at 145°C for 4hrs.

The supernatant layer left after precipitation of the plasma proteins was also examined
for the presence of the modified adducts. The supernatant in the supernatant layer vial
which contained acetonitrile was evaporated under a slight stream of nitrogen gas till
dryness. Then 600 pl of PBS (pH 7.4) was added in order to dissolve the remaining
protein and amino acids. An aliquot of supernatant (400 pl) was subjected to the
standard acid hydrolysis procedure with 6N HCI at 145°C for 4 hrs. Finally, the protein
samples are ready for analysis with LC-FTMS. Non-hydrolysed samples from the
supernatant were also examined for the presence of free adducts (non protein attached
adducts).
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3 CHAPTER THREE: Results and Discussions for the
Analysis of 2-Alkenal Adducts using Reversed Phase
Chromatography (RP-LC) and Mass Spectrometry
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3.1 Introduction

All the samples in this chapter were prepared and detected according to the

standard procedure described in section 2.3 & section 2.4 unless otherwise specified.

Using ESI as ion generating source in mass spectrometry results in the addition of 1 H*
ion (with a mass of 1.00728 Thomson) for the total mass of the detected molecule. The
position of this H* ion will either be delocalized over the whole molecule, or be
localized over one of the highly electronegative atom such as N, O, or S. So, wherever a
molecule is detected by mass spectrometry, we should expect the addition of 1 H' to the
chemical formula of the expected molecule. The acid hydrolysis of a protein molecule
and the formation of free lysine with the chemical formula C¢H14N20O, and an exact
mass of 146.10553 Da were shown in Figure 3.1. Mass spectrometry detection using ESI
as ionization source will result in the addition of 1 H* ion to the whole lysine molecule
which results in the formation of an ionized lysine with a chemical formula of

CeH15N20," and monoisotopic mass of 147.11280 m/z.

— — +
NH, NH, NH, +H
Acids Hydrolysis with 6N HCI ESI
—_—
145°C, 4hrs
o H
N OH OH
N‘)\ N v HoN H,oN
H o o i o
Lysine Residue in Free Lysine amino acid lonised Lysine amino acid
protein molecule . .
Chemical Formula: CgH14N,0, Chemical Formula: CgH15N,0,
Exact Mass: 146.10553 Exact Mass: 147.11280

Figure 3.1: lonisation process in ESI mass spectrometry.

Compound identity was assigned by low mass deviation (less than 3ppm) with regard to
a proposed chemical formula, and by comparing the intensity of the **C peak for each
proposed compound which should be ca 1.1% multiplied by the total number of carbon

atoms for the base peak for the same compound with *2C structure (Figure 3.2).
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Figure 3.2: Isotopic peak for *C as a method to confirm the identity of the compound.

The free 2-alkenal adducts could be extracted and derivatised with propylchloroformate
using the EZ:faast method, described in section 2.4.1, for perfect RPLC-FTMS
separation and detection. Derivatisation of the 2-alkenal adducts with
propylchloroformate occurs only at the free a-amine group and a-carboxyl group
liberated during the hydrolysis of the protein, as the terminal amine group is already
protected by the modifying 2-alkenal group. Derivatisation of the a-amine group and o-
carboxyl group of the amino acid will add 128 amu (equivalent to C;H;,0,) to the total
mass of the amino acid. Derivatisation process will add an extra lipophilicity to the
amino acid molecules; it is essential for RP-LC retention and separation of hydrophilic
compound on lipophilic C-18 column. lonisation process with ESI may add 1 H" ion
(1.00728 amu) to the total mass of the amino acid, or may not depending on the

ionisation status of the molecule.
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3.2 Reactions of 2-Alkenals with Lysine Residues with the Analysis of
the Modified Residues Using the EZ:faast Method

In vitro non-enzymatic modification of the lysine residue in protein molecule with
2-alkenal series consists of the nucleophilic reaction between the e-amine group of
lysine with aldehyde group or the unsaturated double bond of the 2-alkenal molecule
resulting in a different variety of lysine-2-alkenal adducts such as Schiff base, Michael
adduct, pyridinium and FDP adducts [30, 51, 60]. Amino acids modification with 2-
alkenal aldehydes through Schiff base or Michael addition will add some
stereochemistry to the molecule resulting in different isomer for each compound.

3.2.1 Schiff base and Michael-Like Addition Reactions

The nucleophilic reaction between g-amine group of lysine with 2-alkenal

aldehyde results in a set of compounds known as Schiff base and Michael adducts.

Figure 3.3 shows the general scheme for lysine Schiff base & Michael adduct formation,
followed by the reduction step, acid hydrolysis, extraction and derivatisation with the
EZ:.faast method as described previously [sections 2.3 & 2.4]. Table 3-1 & Table 3-2
show the expected elemental formula for the ionised lysine-2-alkenal Schiff bases &
Michael adducts after reduction, acid hydrolysis and derivatisation steps. Also, they
show MS results for these adducts using full MS scan operating in the positive mode; all
the observed masses closely match the expected elemental composition for the
derivatised adducts. It is noticeable from these tables that the retention time for Michael
adducts on RP-LC is less than the retention time for the correspondent Schiff base
adducts; this can be attributed to fact that Michael adducts are less lipophilic than Schiff
base due to the availability of the peripheral aldehyde group. The retention times, as
would be expected in reverse phase mode, gradually increase with the lipophilic chain of
the 2-alkenals.

A single chromatographic peak could be detected for lysine adducts (Schiff base or

Michael adducts) which had been modified with short chain 2-alkenal aldehydes such as
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Acrolein and 2-hexenal; multiple peaks could be detected for lysine adducts which had

been modified with long chain 2-alkenal aldehyde such as 2-heptenal and 2-nonenal.
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Figure 3.3: Reaction of 2-alkenal aldehydes with a lysine residue within a protein molecule through Schiff
base and Michael addition reactions. Acid hydrolysis with 6N HCI results in the formation of free form for
these adducts.

Table 3-1: Mass spectrometric results for derivatised Lys-Schiff bases modified with different 2-alkenals
using RPLC coupled toESI-FTMS.

Adduct Elemental formula RDB R; (min) Observed m/z Delta ppm

C16H31N204 25 2.36 min 315.22818 1.098

Acr-Lys-S -
Ci6H29N,04 (-2H) 25 2.30 min 313.21182 -1.163
Cro-Lys-S C17H33N,04 25 3.20 min 329.24359 0.321
Pne-Lys-S Ci1gH3sN204 25 3.49 min 343.25888 -0.741
Hxe-Lys-S Ci9H37N2O4 25 4.01 min 357.27408 -1.972
Hpe-Lys-S CaoH39N204 25 4.75/5.12 min 371.29019 -0.659
Nne-Lys-S C22Ha3N,04 25 7.42/8.36 min 399.32089 -1.89

Table 3-2: Mass spectrometric results for derivatised Lys-Michael adduct modified with different 2-
alkenals using RPLC coupled to ESI-FTMS.

Adduct Elemental formula RDB R; (min) Observed m/z Delta ppm
Acr-Lys-M Ci6H33N,0s 15 2.67 min 333.23862 0.664
Cro-Lys-M C17H3sN,05 15 2.91 min 347.255 2.738
Pne-Lys-M Ci1sH37N,Os 15 3.00 min 361.26929 -1.133
Hxe-Lys-M Ci19H39N,05 15 3.17 min 375.285 -0.931
Hpe-Lys-M C20H41N,O0s 15 3.19/3.55/3.83/4.45 389.30069 -0.795
Nne-Lys-M C2H4sN,0s 15 5.68/6.29 min 417.33148 -1.964
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Multiple peaks pattern for lysine adducts can be explain by the availability of the
different isomers for each adducts; lysine Schiff base adducts show a diastereocisomers
as a result of the peripheral double bond. Whereas, lysine Michael adducts contain more
than one chiral centre (position 1 & 2 in Figure 3.3) which can result in different
stereoisomers for the same compound. Theoretically, all lysine adducts which are
modified with 2-alkenal should show the same peak multiplicity, however enough
retention and separation time of such compounds on C-18 column is required to show
such peak multiplicity. Surprisingly, non-reduced Acr-lysine Schiff base adducts could

be detected with this method with a significant intensity.

3.2.2 Lysine-Pyridinium Adduct Formation

Pyridinium adducts are another type of adduct that can be detected as a result of
non-enzymatic modification of lysine residues in a protein sample with the 2-alkenal
series [135]. By considering the mechanistic pathway for pyridinium adduct formation
which has been suggested by Baker et al. [28] in section 1.2.1.3, Figure 6.7 shows the
different isomers for the lysyl-pyr adducts which result from different levels of reduction
with NaBH,. Pyridinium adducts will accept 2, 4, 6 & 8 hydrogen atoms from the
reduction step with NaBH,,

Figure 3.4 shows the general structure for the different pyridinium adducts after
reduction, hydrolysis, and derivatisation with propylchloroformate. The pyridinium
adducts do not require protonation under the ESI conditions since they carry a
permanent charge, so Table 3-3 summarizes the expected m/z ratios for the different

pyridinium adducts formed with different 2-alkenal moieties.

Table 3-3: Expected masses for the derivatised lysine-2-alkenal-pyridinium adduct when RPLC coupled
to ESI-FTMS is used for detection

2-ALKENAL Lys-Pyr (-2H) Lys-Pyr Lys-Pyr (+2H) Lys-Pyr (+4H) Lys-Pyr (+6H)
Acrolein N/A 351 353 355 357
Crotanaldehyde 377 379 381 383 385
t-2-pentenal 405 407 409 411 413
t-2-hexenal 433 435 437 439 441
t-2-heptenal 461 463 465 467 469
t-2-nonenal 517 519 521 523 525
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Figure 3.4: Possible chemical structures and formulae for different free forms of Lys-pyridinium adducts
derivatised with propylchloroformate.

The complexity of the pyridinium adducts due to the varying degrees of reduction
means that each Lys-pyridinium adduct has different reduced form; these forms are
assigned as Lys-pyr (-2H) adduct (1), Lys-pyr adduct (I1), Lys-pyr (+2H) adduct (11),
Lys-pyr (+4H) adduct (IV), and Lys-pyr (+6H) adduct (V). Since the ring is being
reduced at different positions, different isomers could be detected for each individual
adduct after reduction step with NaBHy,. It is also possible that diastereoisomers can be
formed as a result of 3 chiral centres: one chiral centre at the amino acid portion of the
molecule and two chiral centres within pyridinium ring. The mass spectrometry results
for pyridinium adducts which results from the reaction of 2-alkenals with different
amino acids are summarized in Table 6-2 to Table 6-7. It is quite obvious from these
tables that the retention time of the Lys-pyr adducts on C-18 column increases as the
side chain of the 2-alkenal aldehyde increases. However, all the derivatised Lys-pyr
adducts have less retention time as compared to the derivatised lysine, with the
exception of the derivatised Hpn-pyr and Nne-pyr adducts which have a comparable

retention time for derivatised lysine or even more. This can be justified as follow:
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derivatised lysine consists of 3 attached derivatising moieties whereas reaction of the 2-
alkenal with lysine in protein molecule will leave lysine with 2 available sites for
derivatisation. Long chain 2-alkenal aldehyde will have enough lipophilicity comparable
to the lipophilicity of the derivatising moiety or even more. Multiple chromatographic
peaks could be detected for each Lys-pyr adduct, as reflected by multiple retention time,
and could be justified by the multiple isomers; these isomers may result from different
reduction site during reduction step with NaBH,. Stereoisomers are available also due to
the availability of the double bond inside the ring or in the side chain of the pyridinium
adduct.

In order to investigate Baker’s assumption [discussed in section 1.2.1.3] for pyridinium
adduct formation, protein samples were incubated with 2-alkenal series and then
subjected to acid hydrolysis without reduction with NaBH, (Table 6-8). In non-reduced
protein samples, only the Lys-pyr (-2H) adduct (1) and the Lys-pyr adduct (1) could be
detected with mass spectrometry, whereas other adducts could be detected with reduced
protein samples only. A single reduction step can reduce any double bond inside the
pyridinium adduct or the double bond in the alkyl side chain. It wa noticeable that the
multiple peaks pattern disappeared with non-reduced samples which confirmed that the
multiple peaks pattern was a result of different reduction sites for each Lys-pyr adduct.

3.2.3 Formyl-Dehydro-Piperidino (FDP) Adducts Formation

Formyl-dehydropiperidino adducts (FDP) represent another form of adduct that
could be detected as a result of lysine residue modification. Figure 3.5 shows different
reduction steps for the Lys-FDP adduct, which were suggested by Ichihashi et al.
[section 1.2.1.4]. Different forms of the Lys-FDP adduct are expected as a result of
different reduction level with NaBH,, such as Lys-FDP (non-reduced form), Lys-FDP
(+2H), and finally Lys-FDP (+4H) adduct. Furthermore, it should be noticed that the
non-reduced Lys-FDP adduct contains a peripheral aldehyde group that is reduced to the
corresponding primary alcohol group during reduction with NaBH,. Reduction step with
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NaBH, can result in the formation of different isomers and this explains the multiple

peaks that appear in the chromatograms in some cases.

Different forms of Lys-FDP could be extracted from the protein hydrolysate and
derivatised with propylchloroformate using the EZ:faast method, described previously,
to get the derivatised Lys-FDP adducts (Figure 3.6). Table 3-4 summarizes the expected
m/z for different ionised and reduced Lys-FDP adducts, whereas Table 3-5 & Table 3-6
show the mass spectrometry results for the derivatised and ionised Lys-FDP (+2H) and
Lys-FDP (+4H) adducts, respectively. Although Lys-FDP (+4H) could be detected in
protein samples incubated with 2-alkenals, these adducts showed a very low intensity as

compared to Lys-FDP (+2H) and were undetectable in other cases.
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Figure 3.5: Different reduction steps for lysine-FDP adduc; acid hydrolysis with 6N HCI lead to the
formation of the free form of these adducts.
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Figure 3.6: Proposed chemical structures for Lys-FDP adducts derivatised with propylchloroformate using
the EZ:faast method.

Table 3-4: Expected masses for the derivatised free Lys-FDP adducts which result by incubating protein
samples with different 2-alkenals when RPLC coupled to ESI-FTMS is used for detection.

2-ALKENAL lonised Lys-FDP adduct lonised Lys-FDP (+2H) Adduct lonised Lys-FDP (+4H) Adduct
ACROLEIN 369 371 373
CROTANALDEHYDE 397 399 401
2-PENTENAL 325 427 429
2-HEXENAL 453 455 457
2-HEPTENAL 481 483 485
2-NONENAL 537 539 541

Table 3-5: Mass spectrometry results for ionised lysine-FDP (+2H) adduct which have been incubated
with different 2-alkenal aldehydes (using RPLC coupled to ESI-FTMS).

Adduct Type of Adduct Elemental formula | RDB R; (min) m/z nglrf

Lysine Lysine a.a. Ci7H3306N; 25 7.89 min 361.2324 -1.557
Acr-FDP-371 | Lys-FDP (+2H) Ci9H3505N; 35 2.76 min 371.25339 -1.775
Cro-FDP-399 | Lys-FDP (+2H) C21H3905N, 35 2.98 min 399.2847 -1.625
Pne-FDP-427 | Lys-FDP (+2H) C23H1305N; 35 3.14 min 427.31653 -0.278
Hxe-FDP-455 | Lys-FDP (+2H) CsH4705N, 35 4.05, 4.61 min 455.34772 -0.505
Hpe-FDP-483 | Lys-FDP (+2H) Ca7Hs5,05N; 35 5.24, 6.36, 7.26, 9.32min 483.37881 -1.159
Non-FDP-539 | Lys-FDP (+2H) C31Hs005N, 35 11.19, 11.50, 12.18, 13.29min 539.44177 -0.548

Table 3-6: Mass spectrometry results for ionised lysine-FDP (+4H) adduct which have been incubated
with different 2-alkenal aldehydes (using RPLC coupled to ESI-FTMS).

Adduct Type of Adduct Elemental formula | RDB R (min) m/z nglr:]a
Lysine Lysine a.a. Ci7H3306N; 25 7.89 min 361.2324 -1.557
Acr-FDP-373 | Lys-FDP (+4H) C1oH3705N, 35 2.84 min 373.26974 0.110
Cro-FDP-401 | Lys-FDP (+4H) C21H41 05N, 35 3.05, 3.25 min 401.30188 0.451
Pne-FDP-429 | Lys-FDP (+4H) Ca3H4505N; 35 3.61,4.14 min 429.36224 -0.137
Hxe-FDP-457 | Lys-FDP (+4H) Cas5Ha90sN; 35 3.97, 4.55, 5.49 min 457.36279 -1.771
Hpe-FDP-485 | Lys-FDP (+4H) C27Hs305N, 35 5.75, 6.42, 7.62, 8.1 min 485.39456 -0.700
11.83,12.28, 12.95, 13.45,
Non-FDP-541 | Lys-FDP (+4H) C31H6105N; 35 14.48, 1532 min 541.45813 1.164
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The Lys-FDP adducts could be detected in hydrolysed protein samples without
reduction, furthermore Lys-FDP adducts -2H, -4H, and -6H could also be detected. In
order to confirm the presence of these adducts, HSA was reacted with 2-alkenals and
then hydrolysis was carried out without the reduction step with sodium borohydride, as
Lys-FDP and Lys-pyridinium adducts are stable to hydrolysis. The result for these
samples confirmed that normal FDP adducts and FDP adducts (-2H, -4H, and -6H) were
present in these samples. This gives an indication that FDP adducts might be converted

to a pyridinium ring (Figure 6.8).
3.3 Reaction of 2-Alkenals with Arginine Residues

Although Baker et al. (1999) [29] could not report any modification for arginine
residues when a protein sample was incubated with 2-hexenal, our research results
contradict his findings. Logically, arginine residue in protein molecule should be more
reactive than lysine residues towards the aldehyde group of the 2-alkenal series, and
more complex modifications should be expected than that for lysine amino acid. The
guanidine group in the arginine residue consists of 2 reactive amine groups: primary and
secondary amines. The primary amine group could be the target for Schiff base and
Michael addition reactions with 2-alkenals, whereas the secondary amine group in the
arginine residue can provide a reactive site for Michael addition reaction only.
Nevertheless, only 2 types of arginine adducts (Schiff base and Michael adduct) could
be detected by in vitro modification of arginine residues with the 2-alkenal series by
overnight incubation (Figure 3.7). Figure 3.8 shows the expected chemical structure for
the derivatised arginine Schiff base and Michael adduct after being reduced and
hydrolysed with 6N HCI.
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OH
(\/ NH; 2. Alkenal  R-Group
H /& Acrolein H-
N R N NH Crotanaldehyde CH3-
T Pentenal C2H5
NH Hexenal C3H7-
(0] 0 Heptenal CaHY-
Nonenal C6H13-
SN
C3H7‘OJ\” CsHy C3H7\O)J\N O\CgH7
(e] H o)
Derivatised arginine-2-alkenal Derivatised arginine-2-alkenal
Schiff base adduct Michael adduct

Figure 3.8: Derivatised arginine Schiff base and Michael adducts after reduction, acid hydrolysis and
derivatisation steps.

The possibility of imine group reduction during the reduction step with NaBH, had been
investigated. Therefore, the possibility of arginine reduction with 4 H atoms instead of 2
H atoms being acquired during reduction step had been examined. None of the arginine
or any of its adduct (Schiff base or Michael adduct) which had been fully reduced could
be detected; this indicates that imine group is not susceptible for reduction during
NaBH, reduction step. The mass spectrometry results for the expected chemical formula,
the observed masses and retention time for derivatised arginine Schiff base adducts and

Michael adducts are summarized in Table 3-7 & Table 3-8, respectively.
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Table 3-7: Chemical formulae and mass spectrometry results for the derivatised 2-alkenal-arginine-Schiff
bases using RPLC coupled to ESI-FTMS. The retention time for the derivatised arginine is 2.71 min on C-
18 column.

Adduct Type of Adduct Elemental formula RDB R (min) m/z Delta ppm
Acr-Arg Arg-Schiff base C16H31N4O4 35 2.8 min 343.23389 -0.268
Cro-Arg Arg-Schiff base C17H33N4O4 35 3.12 min 357.24973 0.273
Pne-Arg Arg-Schiff base C15H3sN4O4 35 3.33 min 371.26486 -1.138
Hxe-Arg Arg-Schiff base C1oH37N4O4 35 3.70 min 385.28055 -0.993
Hpe-Arg Arg-Schiff base CaoH39N4O4 35 4.64 min 399.29602 -1.409
Nne-Arg Arg-Schiff base C2HasN4O4 35 7.34,7.70 min 427.32663 -2.932

Table 3-8: Chemical formulae and mass spectrometry results for the derivatised 2-alkenal-arginine-
Michael adducts using RPLC coupled to ESI-FTMS. The retention time for the derivatised arginine is 2.71
min on C-18 column.

Adduct Type of Adduct Elemental formula RDB R (min) m/z Delta ppm
Acr-Arg Arg-Michael adduct Ci16H33N4Os 25 2.67 min 361.24405 -1.375
Cro-Arg Arg-Michael adduct C17H3sN4Os 25 2.78 min 375.26065 1.207
Pne-Arg Arg-Michael adduct Ci1gH37N4Os 25 3.24 min 389.276 0.393
Hxe-Arg Arg-Michael adduct Ci19H39N4Os 25 3.44 min 403.2912 -0.737
Hpe-Arg Arg-Michael adduct C20H41N4Os 25 4.03 min 417.30713 -0.042
Nne-Arg Arg-Michael adduct CpH4sN4Os 25 6.52 min 445.33865 0.455

The retention times for arginine Schiff base and Michael adducts range between 2.78
and 7.7 min which is as expected for RPLC separation on the C-18 column, and the
deviation of the observed mass was less than 3ppm which was close enough to confirm
the identity of the compounds. Although it has been reported by many studies [65, 136,
137] that acrolein aldehyde is the most reactive 2-alkenal, the acrolein adducts for
arginine amino acids could not be detected in some samples. The high reactivity of
acrolein aldehyde may result in the formation of more complex modifications with
arginine residue, or between arginine residues and other amino acid residues of the
protein molecules. Insufficient information about the nature of these modifications
represents the biggest obstacle in the detection of such complex adducts. It is noticeable
that the 2-nonenal Schiff base adduct with arginine has two peaks which gives some
evidence for the formation of different isomers for the Nne-Arg Schiff base (Figure 3.9).
The identity of the first peak at Ri= 7.34 min was confirmed by the mass deviation (less

than 3ppm) and the *C peaks were identical for the simulated mass (Figure 3.10).
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A cyclisation process can be proposed in order to justify the second peak appearing in
the analysis of the Nne-Arg Schiff base (Figure 6.9). The proposed cyclisation process
involves conversion of the Schiff base to another cyclic adduct by a further Michael
addition reaction, whereas arginine Michael adduct would convert to the cyclic adduct
by a further Schiff base reaction. Reduction step with NaBH, can reduce the double
bond inside the tetra-hydropyrimidine ring of the cyclic adduct. Acid hydrolysis of the
protein samples followed by derivatisation with propylchloroformate can result in the
formation of 2 isomers (cyclic adduct I and Il) with the same chemical formula as the
Nne-Arg Schiff base. lonization of these cyclic adducts by ESI of mass spectrometry can
generate a second peak for Nne-Arg Schiff base with very low intensity. The same
principle can be applied for other arginine-2-alkenal adducts, but due to poor separation

by C-18 column, both Schiff base and cyclic adducts may elute in the same time.
3.4 Reaction of 2-Alkenal with Histidine Residues

Histidine residues in protein molecules represents another amino acid that can
undergo modification by reactive aldehydes such as 2-alkenals. Figure 3.11 shows the
chemical structure for a His-2-alkenal Michael adduct after being reduced, acid
hydrolysed, and derivatised with propylchloroformate using the EZ:faast method
described in section 2.4.1. ESI of the mass spectrometry will add 1 H" ion to the
structure of the histidine Michael adducts so that they are detectable by MS. Table 3-9
shows the expected chemical formula and the retention time for different histidine
Michael adducts, after derivatisation with propylchloroformate. Also it shows the
deviation of the observed masses from the actual expected masses in ppm (all His-
adducts could be detected with less than 1.4 ppm). Again, the retention time range for
such adducts was 2.61-6.66 min, and the increase in the retention time was consistent
with the increase in the lipophilicity of adducts as the hydrocarbon moiety of the 2-

alkenal increases from acrolein to nonenal.
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Figure 3.12: Reaction of highly reactive aldehydes from 2-alkenal series with cysteine amino acid residue
through Michael addition reaction. Reduction stabilisation, acid hydrolysis and derivatisation process can
result in the formation of the derivatised Cys-2-alkenal Michale adduct.

Table 3-9: Chemical formulae and mass spectrometry results for the derivatised 2-alkenal-His-Michael
adducts using RPLC coupled to ESI-FTMS. The retention time for the derivatised histidine is 7.01 and
9.01 min on C-18 column.

Adduct Type of Adduct Elemental formula RDB R (min) m/z Delta ppm
Acr-His His-Michael adduct Ci6H25N30s 45 2.61 min 342.20187 -1.396
Cro-His His-Michael adduct C17H30N30s 45 3.83min 356.21777 -0.64
Pne-His His-Michael adduct CisH3,N30s 45 3.03 min 370.2338 0.411
Hxe-His His-Michael adduct Ci9H34N305 45 3.12 min 384.24918 -0.307
Hpe-His His-Michael adduct Ca0H3zsN30s 45 3.58 min 398.26465 -0.749
Nne-His His-Michael adduct C22H4oN30s 45 6.66 min 426.29617 -0.184

Table 3-10: The expected chemical formulas and masses for the derivatised 2-alkenal-Cys-Michael
adducts when RPLC is coupled to ESI-FTMS.

Adduct Type of Adduct Expected Elemental formula Expected m/z
Acr-Cys His-Michael adduct Ci13H26N:05S1 308.15262
Cro-Cys His-Michael adduct C14H25N;105S; 322.16827
Pne-Cys His-Michael adduct Ci5H30N1 058, 336.18392
Hxe-Cys His-Michael adduct Ci6H32N105S; 350.19957
Hpe-Cys His-Michael adduct C17H34N;1O5S, 364.21522
Nne-Cys His-Michael adduct CigH3sN105S; 392.24652
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3.5 Reaction of 2-Alkenals with Cysteine Residues

Cysteine amino acid was also examined as a possible target for modification with
2-alkenals, as it contains sulfhydryl group within its structure which can behave in the
same way as secondary amine group. The sulfhydryl group of the cysteine residue can
undergo a Michael addition reaction when the protein samples incubated with 2-
alkenals. Figure 3.12 shows the chemical structure for cysteine Michael adducts
modified with different 2-alkenals after reduction, acid hydrolysis and then
derivatisation with propylchloroformate. Table 3-10 shows the expected chemical
formula and masses for derivatised cysteine Michael adducts after ionization in the MS
source. None of the expected cysteine adducts could be detected in the hydrolysate of
the protein samples, and this can be attributed to the harsh condition of the acid
hydrolysis process with 6N HCI that leads to the distraction of the cysteine amino acids

or due to conversion to cystic acid during acid hydrolysis [section 1.3.3].

3.6 Analysis of the Reaction Products between 4-Hydroxy-2-Nonenal
(HNE) and Amino Acids Residues Using EZ:faast Method in
Combination with RPLC-FTMS

The lipid peroxidation process can result in the formation of a variety of
endogenously toxic aldehydes such as 2-alkenals [138] and 4-hydroxy-2-alkenals [33,
139, 140]. Due to its high availability as compared to other 4-hydroxy-2-alkenals, HNE
is considered as the most toxic member of this group [140-142]. Sample preparation
was carried out according to the procedure described in section 2.3. Reactions of HNE
with different amino acids such as lysine, arginine, histidine, and cysteine have been
discussed in detail in section 1.2.2. A reduction step with NaBH, prior to acid hydrolysis
of protein samples is expected to reduce one double bond in the Schiff base, while
conversion of the aldehyde group in the Michael and hemiacetal adduct to the
corresponding alcohol group is also expected. Figure 3.13 shows the expected chemical
structures, formulae and theoretical masses for different HNE adducts after reduction,
hydrolysis, derivatisation with propylchloroformate, and finally ionization by ESI.
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Figure 3.13: The expected chemical structure, formula, and theoretical mass for the derivatised HNE
adducts for lysine, arginine, and histidine amino acids after reduction, acid hydrolysis and derivatisation
processes.

Table 3-11 shows the mass spectrometry results for the derivatised HNE adducts for
lysine, arginine, and histidine amino acids, respectively. All adducts matched the
expected elemental composition within 3 ppm. The cysteine adduct could not be
detected. The retention time for HNE adducts ranged between 4 min and 6 min,

irrespective of the retention time of the corresponding amino acid.
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Table 3-11: Mass spectrometry results for different HNE adducts which had been derivatised with
propylchloroformate reagent and detected by using RPLC coupled to ESI-FTMS. N=3.

Adduct Type of adduct Elemental formula R; (min) Observed mass (m/z) | Deltappm | Intensity
Lysine Amino Acid Ci17H3306N; 7.04 min 361.234 1.844 2.71E+07
4.67 min 415.3176 2.146
Schiff base C2H43N2Os 4.14E+06
5.06 min 415.3176 2.362
Lys-HNE
Michael addition C2HusN2Og 4.30 min 433.3282 2.252 1.77E+05
Hemiacetal C22H43N205 N/A N/A N/A N/A
Adduct Type of adduct Elemental formula R; (min) Observed mass (m/z) | Deltappm | Intensity
Arginine Amino Acid C13H2704N, 2.71 min 303.2035 2.698 2.66E+06
4.92 min 443.3238 2.240
Schiff base C2H43N4Os 5.15 min 443.32382 2.308 1.64E+05
Arginine-HNE
5.42 min 443.324 2.646
Michael addition CpH4sN4Os N/A N/A N/A N/A
Hemiacetal szH43N405 N/A N/A N/A N/A
Adduct Type of adduct Elemental formula R (min) Observed mass (m/z) | Delta ppm Intensity
Histidine Amino Acid C17H2506N3 7.01, 9.01 min 370.198 1.994 4. 75E+05
Michael addition CaH4oN306 4.19 min 442.2921 2.005 3.36E+06
His-HNE
Hemiacetal CaHasN306 N/A N/A N/A N/A
RT: 0.00- 29.00
100 5.06
95 NL:5.94E6
90 Base Peak m/z=
85 415.31457-415.31873
F: FTMS + p ESI Full
80 ms [100.00-750.00]
MS HSA+4HNE
e
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Figure 3.14: Extracted ion chromatogram for the derivatised lysine-HNE Schiff base adduct (m/z=415)
using RPLC coupled to ESI-FTMS.
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Figure 3.15: Proposed mechanism for the formation of cyclic compound from Lys-HNE Michael adduct
which match the chemical formula for Lys-HNE Schiff base.

Mass spectrometry results for the derivatised HNE-lysine and HNE-arginine Schiff
bases indicate multiple peaks; the HNE moiety contains a chiral centre, thus at least 2
diastereoisomers are expected due to the availability of 2 chiral centres in the HNE-Arg-
Schiff base molecule. Figure 3.14 shows two peaks for the derivatised Lys-HNE Schiff
base, one peak at R=4.67 and the other at 5.06 min. Both peaks match the theoretical
formula for the Lys-HNE Schiff base with little deviation (less than 2.3ppm).

Another mechanism for the formation of the cyclic compounds from Michael adduct has
been suggested by Sayre et al. (Figure 3.15) [143]. According to this mechanism, the
Michael adducts undergo a cyclisation process by losing a water molecule, and the new
compound will have the same chemical formula as the derivatised Lys-HNE Schiff base
(C22H43N205=415 m/z) after reduction stabilisation of the protein sample with NaBH,,

acid hydrolysis and derivatisation with propylchloroformate.

MS? fragmentation was carried out to confirm the identity of the 2 peaks; Figure 3.16
shows the MS? spectrum for the Lys-HNE Schiff base. The fragmentation of Lys-HNE
Schiff base follows the same pattern for the 2 peaks, with the exception of the fragment
at m/z 385 at the first peak (R;=4.88 min from the chromatogram of the MS?). This peak
can be explained by tetrahydrofuran ring opening of the cyclic compound and losing of
CH,O molecule from the tetrahydrofuran ring, and this supports the proposed
mechanism for the conversion of the Michael adduct to the cyclic compound through

water molecule loss rather than hemiacetal formation, or hemiacetal formation could be
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considered as a transitional state for the formation of the cyclic compound. Other

fragments will be explained in detail in section 3.6.1.
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Figure 3.16: MS? for the derivatised Lys-HNE Schiff base using RPLC coupled to ESI-CID-FTMS/MS.

The same proposition can be made for the 3 peaks for arginine-HNE Schiff base, 2
peaks belong to the cyclic compounds as there are 2 possible sites for Michael addition
reactions with arginine amino acid; the third peak belongs to Schiff base. The complete
disappearance of the Arg-HNE Michael adduct and the appearance of 3 peaks for the
Schiff base support cyclisation with the proposed mechanism.

The reaction between 2 amino acids and HNE was detected by high resolution mass
spectrometry. Table 3-18 shows the chemical formulae and the expected theoretical
masses for the HNE attached to 2 molecules of lysine amino acids, and the HNE
attached to histidine and lysine amino acids [section 1.2.2.5]. The observed masses
match the theoretical proposed masses with only a small deviation, of around 2 ppm.

Low intensity for such adducts suggests the low possibility of the formation of such
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adducts. The identity of these adducts was examined using MS? fragmentation, as will
be discussed in section 3.6.1. Finally, none of the HNE-arginine 2-pentapyrrol adducts
suggested by Isom et al. [46] could be detected throughout this research project, as well

as none of the hemiacetal adducts could be detected.

Table 3-12: Accurate masses for derivatised HNE adducts formed between 2 amino acid residues using
RPLC coupled to ESI-FTMS. N=3.

Adduct Type of adduct Elemental formula R; (min) m/z Delta ppm | Intensity
Lys-HNE-Lys Lys+4HNE+Lys CasHeoN4Og 5.93 min 689.5075 2.238 7.88E+04
6.02 min 698.4713 1.996 8.08E+04

HiS-HNE-LyS H|S+4HNE+LyS C35H54N509
6.24 min 698.4708 1.394 1.34E+05

3.6.1 Structure Elucidation for HNE Adducts Using Mass Spectrometry

The structures of the HNE adducts with lysine, histidine and arginine were further
characterized by carrying out fragmentation using ESI-FTMS/MS. MS? analysis for the
derivatised HNE adducts was performed in the positive polarity using CID (35%) as
fragmentation energy. The mass range was set between 110 m/z and 450 m/z in order to
identify the possible fragments in this range, and an isolation width window for the

precursor ion set at 1 amu (£0.5 amu).

MS? analysis for the derivatised arginine-HNE Schiff base with a mass of m/z 443.23
was performed in the positive polarity. Figure 3.17 shows the MS/MS chromatogram for
the analysis of the derivatised arginine-HNE Schiff base, and it shows 2 peaks for the
extracted adduct in the MS? analysis which have the same retention time as the precursor
adducts. Figure 3.18 shows the corresponding MS? spectrum generated from Arg-HNE
Schiff base precursor ion and both peaks show the same fragments. Repeated samples
show the same fragmentation pattern for the same precursor ion as most fragments could
be detected at m/z 425, 401, 383, 355, 341 and 285.

Scheme 3-1 is proposed to explain the different pathways for the formation of the
product ions from the derivatised Arg-HNE Schiff base precursor ion, and it consists of

2 pathways. Pathway (1) consists of 3 subsequent steps. The first step starts by the loss
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of a H,O molecule (18 amu), whereas the second and third steps consist of losing a
propylene molecule (CH3-CH=CH,, 42 amu) each. The three steps in the pathway (1)
result in the formation of the product ions at m/z 425, 383, and 341 respectively.
Obviously, formation of the product ion at m/z 383 by subsequent loss of water and
propylene molecules is more abundant than other fragments (m/z 425 & 341) of this

pathway (Figure 3.18).
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Figure 3.17: MS? chromatogram for the derivatised Arg-HNE Schiff base using RPLC coupled to ESI-
CID-FTMS/MS.
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Figure 3.18: MS? spectrum for the derivatised Arg-HNE Schiff base using RPLC coupled to ESI-CID-

FTMS/MS.
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Scheme 3-1: Fragmentation pathways for the derivatised Arg-HNE Schiff base using RPLC coupled to
ESI-CID-FTMS/MS.

Pathway (11) proposed in Scheme 3-1 consists of 3 subsequent steps. The first step in
the pathway results in the formation of the product ion at m/z 401 by the loss of a
propylene molecule (CH3;-CH=CH,, 42 amu) from the derivatised Arg-HNE Schiff base
precursor ion. The second step results in the formation of the product ion at m/z 355
with a dominant peak in the MS? spectra by the loss of a HCOOH molecule (46 amu)
from the product ion generated at the first step of the same pathway. Low abundance
product ion at m/z 285 will be generated in step 3 of the same pathway by further
fragmentation of the product ion m/z 355 by the loss of pent-1-ene from the 4-HNE

moiety.
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Figure 3.19: MS? chromatogram for the derivatised Lys-HNE Schiff base using RPLC coupled to ESI-
CID-FTMS/MS.
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Figure 3.20: MS? spectrum for the derivatised Lys-HNE Schiff base using RPLC coupled to ESI-CID-
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MS? analysis for the derivatised Lys-HNE Schiff base with a molecular ion at m/z
41531 was performed in the positive polarity. The MS? chromatogram for the
derivatised Lys-HNE Schiff base peak still showed the splitting pattern into 2 peaks
(Figure 3.19). Figure 3.20 shows the corresponding MS? spectrum generated from the
Lys-HNE Schiff base precursor ion. The same Fragments could be detected for both
peaks at m/z 397, 387, 373, 355, 327, 313, 275, 224, 215, 170, and 128. Repeated

samples shows the same fragmentation pattern.

Lys-HNE Schiff base adducts show the same fragmentation pattern as that which was
proposed for Arg-HNE Schiff base. Most of the fragments result from the combination
loss of water (H,O, 18 amu), propylene (CH3-CH=CHy, 42 amu), formic acid (HCOOH,
46 amu), or HNE (CgH1601, 140 amu) molecule. A schematic pathway (Scheme 3-2) is
proposed to explain different pathways for the formation of the product ions from the
derivatised Lys-HNE Schiff base precursor ion, and it consists of 4 pathways.

Pathway (I & I1I) is quite similar to the pathways proposed in Scheme 3-1 for the
derivatised Arg-HNE Schiff base, as pathway () consists of 3 consecutive steps starting
by loss of a water molecule followed by loss of a propylene molecule over the following
2 steps. Product ions at m/z 397, 355 and 313 could be detected in the MS? spectrum of
the derivatised Lys-HNE Schiff base can be explained by this pathway. Pathway (1) is
the preferred fragmentation route for the Lys-HNE Schiff base; all the product ions

generated by this route are the most dominant fragments (Figure 3.20).

Products ions at m/z 373, 327, and 224 may be generated through pathway (I1) of the
fragmentation pathway of HNE Schiff base with lysine. Loss of the propylene molecule
followed by a formic acid molecule and finally loss of the propyl carbamate could lead

to the product ions at m/z 373, 327, and 224 respectively.
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Scheme 3-2: Fragmentation pathways for the derivatised Lys-HNE Schiff base using RPLC coupled to
ESI-CID-FTMS/MS.

Pathway (I11) consists of 4 steps; the first step starts by losing HNE moiety from the
Lys-HNE Schiff base and the products ions are related to derivatised lysine amino acid.
Formation of the relatively high abundance product ions at m/z 275 & 215 could be a

result of the loss of the HNE moiety followed by the loss of a propanol moiety in a two
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consecutive steps. The formation of the relatively low abundance product ions at m/z
170 and 128 could be generated by further fragmentation of the product ion 215 m/z
through step 3 and 4 of the pathway (111); step 3 includes loss of ammonia and carbon

monoxide while step 4 involves loss of another propylene moiety.

Loss of CO from a molecule during ESI-CID-FTMS/MS is not unusual for a molecule
during MS? fragmentation; loss of CO had been reported by Fenaille et al. (2003) [111],
Sasaki et al. (1997) [144], and Baker et al. (1999)[29]. Joyce et al. (2004) [145] and
Smyth et al. (2004) [146] reported a wide variety of product ions in ESI-MS/MS
fragmentation; these include loss of water (H,O, 18 amu), propylene (CH3-CH=CH, 42
amu), carbon monoxide (CO, 28 amu), carbon dioxide (CO,, 44 amu) and ammonia
(NHs, 17 amu) which supports the current research findings for the MS? behaviour for
HNE adducts.

A question is raised about the final chemical structure of the product ions at m/z 170 &
128, whether it is a matter of carbocation formation or it is a matter of positive charge
translocated to the a-amine group? A mechanism for the positive charge movement from
the terminal carbocation to o- amine group has been proposed in Figure 3.21. So, it is
possible that both structures can be available in MS? spectra, and either of these

proposed structures is correct.
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Figure 3.21: Translocation of the positive charge from the carbocation to the a-amine group.
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It has been reported by many studies that CH,=CH, could be easily lost by EI [147-149]
and FAB [150, 151] mass spectrometry; however, pathway (IV) shows that loss of an
ethylene group (CH,=CHy,) by ESI-MS/MS mass spectrometry, as proposed by Joyce et
al. (2004) [145].
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Figure 3.22: MS? chromatogram for the derivatised Lys-HNE Michael adduct using RPLC coupled to
ESI-CID-FTMS/MS.
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Figure 3.23: MS” spectra for the derivatised Lys-HNE Michael adduct using RPLC coupled to ESI-CID-
FTMS/MS.

MS? analysis for the derivatised Lys-HNE Michael adduct with a molecular ion at m/z
433.23 was carried out. Figure 3.22 shows the MS? chromatogram the derivatised Lys-
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HNE-Michael adduct; Figure 3.23 shows the mass spectrum for the same
adduct.
. L Z
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0N X C3Hy o\ N

Chemical Formula: Cy,HsN,04*
Exact Mass: 397.30608

Chemical Formula: C;gHygN,04"
Exact Mass: 313.21218

Chemical Formula: C4gH35N,0,*
Exact Mass: 355.25913

Chemical Formula: Cy,HysN,06*
Exact Mass: 433.32721

Pathway |
OH H,0
d Cen N
. . X L5t 3
H,N CsHy, H.0 H,N CsHy4 o
OH > OH >
Pathway Il o
)ol\ JOL c3|"”oJLN Och
C;H,. C3Hy. 37
70 NN O H, 70 NN O H, H o
H O H o

Lys-HNE Michael Adduct

Chemical Formula: C43H;7N,04*
Exact Mass: 275.19653

Chemical Formula: Cy,H43N,05"
Exact Mass: 415.31665

Chemical Formula: CgH,gN,0,*
Exact Mass: 313.21218

Pathway Il CH;3-CH,CH,OH
CH;-CH=CH,
e .
¥ CsHy. + CsH N
HoN HNT s
OH CH;3-CH,CH,0H OH
fo) o
L €
N N H C;H;

Chemical Formula: C;oH;gN,05*
Exact Mass: 215.13902

Chemical Formula: CgH37N,05*
Exact Mass: 373.26970

Scheme 3-3: Fragmentation pathways for the derivatised Lys-HNE Michael adduct using RPLC coupled

to ESI-CID-FTMS/MS.

The dominant product ion for the Lys-HNE (Michael adduct) has the exact mass and

chemical formula for the Lys-HNE (Schiff base); this product ion is the result of loss of

a water molecule resulting in an isomer that has the same chemical formula as Lys-HNE

Schiff base (Figure 3.23).

The Lys-HNE Michael adduct fragmentation then follows the

same fragmentation pathways proposed for the Schiff base, and results in the same

product ions (Scheme 3-3).
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The HNE double adducts Lys-HNE-Lys and His-HNE-Lys show few fragments due to
their low abundance in the mixture. In general, a product ion at m/z 415 is dominant
which represents the derivatised lysine portion of the molecule. All the MS? data:
retention time, exact mass of the precursor ion, mass loss, and deviation from the

theoretical mass (around 2 ppm) is listed in Table 3-13.

Table 3-13: MS? results for the derivatised HNE adducts detected using RPLC coupled to ESI-CID-
FTMS/MS.

Adduct Elemental tho_ntrol R¢ (ming Pre_cursor Mass Prpduct chemical formula Delta
formula (min) for MS ion Loss ion ppm

-18 425 Ca2H41N4O4 1.499

-42 401 Ci1gH37N4Os 1.678

AROET | CaMaN©Os | 497,542 | 442,513 | 443.3228 ZZ 222 219:35:424 igzz
- 18H35N, O3 .

-102 341 C14H26N30, 1.000

-158 285 C13H25N403 -0.561

-18 397 Ca2H41N204 1171

-42 373 C19H37N205 0.298

-60 355 C19H35N204 1.341

-88 327 C17H31N204 -0.783

ot | CaHoN:Os | 488,527 | 474,516 | 4153177 12(2) iiz 2::::22: 1217323
-191 224 C14H26NO 1.513

-200 215 C1oH1sN203 -2.140

-245 170 CoH1602N; 1.324

-287 128 CeH1002N; 1.055

-18 415 C2H43N20s 1.400

-36 397 C2H41N20, -0.343

LYS-HNE- -60 373 C19H37N205 2.335
Michael Ca2H4sN206 4.42 4.32 433.3284 -78 355 C19H35N20, 1.594
adduct 120 | 313 CisHzoNO; 2.160
-158 275 C13H27N20, 2.462

-218 215 C1oH19N203 1.102

-18 671 CssHes7N4Og 1.115

LYS-HNE-LYS CasHggN4Og 6.01 5.98 689.5074 -274 415 Ca2H4sN20s 1.328
-292 397 Ca2HyN2O4 1474

-60 638 CaHssNsOg 0.782

HIS-HNE-LYS CssHssNsOg 6.17,6.42 6.14, 6.40 698.471 -283 415 Ca2H43N20s 1472
-301 397 C2H1N204 0.542
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3.7 Structure Elucidation for ALEs Using RPLC-FTMS/MS and the
EZ:faast method

MS? has been applied extensively to obtain the fragmentation patterns for the
derivatised 2-alkenal adducts, especially for the Lys-pyridinium and Lys-FDP adducts.
The MS/MS analysis for these samples was repeated 6 times to confirm the

fragmentation patterns.
3.7.1 MS? Fragmentation Pattern for Lysine-Pyridinium Adducts

As has been proposed in section 3.2.2, a reduction step with NaBH, prior to acid
hydrolysis step results in the formation of different Lys-2-alkenal-pyridinium adducts
which may result from different reduction levels for these adducts. Although the
detection of these different adducts was confirmed using high resolution mass
spectrometry which could confirm the identity of each individual peak within 2 ppm
deviation of the observed mass from that of the expected chemical formula, MS? was

carried in order to observe the fragmentation behaviour of these adducts.

The product ions observed for the derivatised Lys-pyr adducts are listed in Table 3-14.
All the observed product ions are reported with less than 3ppm mass deviation from the
theoretical expected mass. The data in this table have been arranged in a specific manner
where there is a specific mass loss (-42, -60, -86, -102, -128, -174, -191, and -257 amu)
from the precursor ion, or according to the appearance of a common ion at m/z 258, 216,
172, 170, and 128 in all types of 2-alkenal-pyr adducts. Initiation of the data dependent
fragmentation process in MS? spectrometry requires the compound to be available at a
specific intensity, below which it would be excluded with other background ions.
Therefore, MS? results for some adducts have not been reported because the intensity of
these adducts fall below the instrument’s intensity requirement to trigger the

fragmentation process.
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Table 3-14: MS? results for the series of derivatised Lys-2-alkenal pyr adducts using RPLC coupled to
ESI-CID-FTMS/MS. Number of samples for each adduct N=6. (A) refers to the availability of the
common ion fragment in the MS/MS spectra. Mass deviation is less than 3ppm for all adducts.

Product ions by fixed mass loss from the precursor ion Common lon Fragments
Adduct Type of Adduct | -42 | -60 | -86 | -102 | -128 | -174 | -191 | -257 | 258 | 216 | 172 | 170 | 128
Acr-pyr-351 Lys-pyr
Acr-pyr-353 | Lys-pyr (+2H) | 311 | 293
Acr-pyr-355 | Lys-pyr (+4H) | 313 | 295 | 269 | 253 | 227 164 A|A|A]|A]|A

Acr-pyr-357 | Lys-pyr (+6H)

Adduct Type of Adduct | -42 | -60 | -86 | -102 | -128 | -174 | -191 | -257 | 258 | 216 | 172 | 170 | 128

Cro-pyr-377 Lys-pyr (-2H)

Cro-pyr-379 Lys-pyr 337
Cro-pyr-381 | Lys-pyr (+2H) | 339 | 321 | 295 A
Cro-pyr-383 | Lys-pyr (+4H) | 341 | 323 A A

Cro-pyr-385 | Lys-pyr (+6H)

Adduct Type of Adduct | -42 | -60 | -86 | -102 | -128 | -174 | -191 | -257 | 258 | 216 | 172 | 170 | 128

Pne-pyr-405 Lys-pyr (-2H) | 363

Pne-pyr-407 Lys-pyr 365 | 347 | 321 150 AlTALA
Pne-pyr-409 | Lys-pyr (+2H) | 367 | 349 | 323 | 307 218 | 152 A A
Pne-pyr-411 | Lys-pyr (+4H) | 369 | 351 283 ALA
Pne-pyr-413 | Lys-pyr (+6H) | 371 | 353 iy [

Adduct Type of Adduct | -42 | -60 | -86 | -102 | -128 | -174 | -191 | -257 | 258 | 216 | 172 | 170 | 128

Hxe-pyr-433 | Lys-pyr (-2H) | 391 | 373 176 A A
Hxe-pyr-435 Lys-pyr 393 | 375 | 349 | 333 | 307 178 A A A
Hxe-pyr-437 | Lys-pyr (+2H) | 395 | 377 | 351 | 335 | 309 | 263 | 246 | 180 A A
Hxe-pyr-439 | Lys-pyr (+4H) | 397 | 379 | 353 248 | 182 A A

Hxe-pyr-441 | Lys-pyr (+6H)

Adduct Type of Adduct | -42 | -60 | -86 | -102 | -128 | -174 | -191 | -257 | 258 | 216 | 172 | 170 | 128

Hpe-pyr-461 | Lys-pyr (-2H) | 419 | 401 333 204 A A
Hpe-pyr-463 Lys-pyr 421 | 403 | 377 | 361 | 335 | 289 206 A A A A
Hpe-pyr-465 | Lys-pyr (+2H) | 423 | 405 | 379 | 363 | 337 | 291 | 274 | 208 A A A
Hpe-pyr-467 | Lys-pyr (+4H) | 425 | 407 | 381 276 | 210 A A

Hpe-pyr-469 | Lys-pyr (+6H) | 427 | 409

Adduct Type of Adduct | -42 | -60 | -86 | -102 | -128 | -174 | -191 | -257 | 258 | 216 | 172 | 170 | 128

Nne-pyr-517 Lys-pyr (-2H) | 475

Nne-pyr-519 Lys-pyr 477 | 459 | 433 | 417 | 391 | 345 262 A A A
Nne-pyr-521 | Lys-pyr (+2H) | 479 | 461 | 435 | 419 | 393 | 347 | 330 | 264 A A
Nne-pyr-523 | Lys-pyr (+4H) | 481 | 463 | 437 395 266 A A
Nne-pyr-525 | Lys-pyr (+6H) | 483 | 465 | 439 334 | 268 A A

The fragmentation process for the derivatised lysine pyridinium adduct will be discussed
according to the general structure suggested by Baker et al. [28] for lysine pyridinium
adducts (Figure 3.24). The lysine pyridinium adducts show 2 types of fragment: fixed

mass losses fragments and common ion fragments.
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Derivatised Lysine-Pyridinium adduct

Figure 3.24: Propyl carbamate and propyl ester moieties of derivatised lysine-pyridinium adduct (as
suggested by Baker et al. [28]) that are subject to fragmentation process using ESI-CID-FTMS/MS.

3.7.1.1 Fixed Mass Loss Fragments for Different Lys-Pyr Adducts

The first type of lysine pyridinium fragment (fixed mass loss fragments) appears
as a result of the loss of a specific mass from the precursor ion; all lysine pyridinium
adducts will show the same mass loss. For example, lysine Pne-pyr adduct (m/z 409)
loses 42 amu to give a fragment at m/z 367, while the lysine Hxe-pyr adduct at m/z 437

loses 42 amu to give a fragment at m/z 395.

Figure 3.25 shows the extracted ion chromatogram and the fragmentation pattern for the
lysine Hxe-pyr adduct (m/z 437) after being derivatised with propylchloroformate. Most

of these fragments are generated by losing specific masses from the precursor ion.

MS? results for different lysine pyridinium adducts show the same fragmentation pattern
where most of the commonly observed fragments are related to the loss of the
derivatising groups in the form of propylene molecule (CH3-CH=CH,, 42 amu) or
propanol molecule (CH3-CH,-CH,-OH, 60 amu). However, loss of formic acid molecule
(HCOOH, 46 amu), carbon dioxide (CO,, 44 amu) and ammonia (NH3, 17 amu) is also
possible. Generally, the pyridinium adduct can lose a single moiety or a combination of
different moieties; for example loss of the propylene moiety (42 amu) followed by the
loss of CO, molecule (44 amu) can occur to produce a fragment formed by a total loss of

86 amu.
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Figure 3.25: MS? chromatogram and spectra for the derivatised lysine Hxe-pyr adduct (m/z 437) using

RPLC coupled to ESI-CID-FTMS/MS.
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Scheme 3-4: MS? fragmentation pattern of derivatised lysine-pyridinium adducts formed by losing
specific masses: 42, 60, 86, 102, and 128 amu (using RPLC coupled to ESI-CID-FTMS/MS).
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Different pathways can be proposed to explain the mass losses from the molecular ion.
Losses of 42, 60, 86, 102, and 128 amu from the precursor ion are explained in Scheme
3-4, whereas losses of 88, 130, 174, and 191 amu from the precursor ion are explained in

Scheme 3-5.

(o] (o]
/\/OW\/\%:):R - CH,-CH=CH, HOW\/\E?/ | R
o ~ R -42 amu o A R
Derivatised Lysine-Pyridinium adduct Derivatised Lysine-Pyridinium adduct -42 amu
2-Alkenal R-Group
Acrolein H-
Crotanaldehyde CH3-
Pentenal C2H5-
HexenalI C3H7- 46 m/z
Heptena C4HO9- -HCOOH
Nonenal C6H13-
o (o]
HOJ\NH - CHyCH=CH, ~ 0 NH
W%IR -42 amu \/\/\ﬁ/ | R
A A
R R
Derivatised Lysine-Pyridinium adduct -130 amu Derivatised Lysine-Pyridinium adduct -88 amu
-44 m/z
A
R
NH, ® -NH; ;R
\/\/\ @(\ R 17 amma > A e G '\(/\|A(\ R
A
R ~ R
Derivatised Lysine-Pyridinium adduct -174 amu Derivatised Lysine-Pyridinium adduct -191 amu

Scheme 3-5: MS? fragmentation pattern of derivatised lysine-pyridinium adduct formed by loss of specific
masses: 42, 88, 130, 174, and 191 amu (using RPLC coupled to ESI-CID-FTMS/MS).

However, low abundance fragment ions have been reported for different lysine
pyridinium adducts which can be explained by the loss of the lysine moiety; these
fragments consist of the pyridinium part of the molecule with the attached alkyl groups
which are related to the 2-alkenals used in the modification of the protein samples, as

shown in Scheme 3-6.

84



(o)
P , .
/ z
A0 @ - 257 amu HN™ ™ R
/N R _
o / | N R
RN "N
Derivatised Lysine-Pyridinium adduct Derivatised Lysine-Pyridinium
adduct- 257 amu
2-Alkenal R-Group
Acrolein H-
Crotanaldehyde CH3-
Pentenal C2H5-
Hexenal C3H7-
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Scheme 3-6: MS? fragmentation pattern of derivatised lysine-pyridinium adduct formed by the loss of
lysine moiety (using RPLC coupled to ESI-CID-FTMS/MS).

The mass losses which may be observed from the lysine pyridinium adducts under MS?
conditions are summarized in Table 3-15, with possible explanation for the nature of the
losses according to the chemical formula for the fragments as compared to the precursor
ion. Lysine-HNE adducts show the same pattern of mass losses as shown earlier
(Scheme 3-2) by losing propylene (CH3-CH-CH,), propanol (CH3-CH,-CH2-OH),
formic acid (HCOOH), carbon dioxide (CO;), and amine (NH3) moieties from the

precursor ion.

Table 3-15: MS? neutral fragments which will be lost from the molecular ions of the derivatised Lys-2-
alkenal-pyridinium adducts using RPLC coupled to ESI-CID-FTMS/MS.

Mass loss Represent Availability

-42 CH;-CH=CH, Dominant

-60 42 + H,0O (18 amu) Dominant

-86 42 + CO, (44 amu) Dominant
-102 60 + 42 Low abundance
-128 86 + 42 Low abundance
-174 42 + HCOOH (46 amu)+ 86 Low abundance
-191 174 + NH3 (17 amu) Low abundance
-257 Losing of derivatised lysine moiety Very low abundance
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3.7.1.2 Common lon Fragments for Different Lys-Pyr Adducts

The second type of lysine pyridinium fragment ions (common ion fragments)
represents a set of product ions with fixed m/z which appear in different type of the
pyridinium adducts as a result of pyridine ring elimination with its attached alkyl groups
which are related to the 2-alkenal used in the modification of the protein samples. For
example, product ions at m/z 258, 170, and 128 appear in the MS? of the lysine Acr-pyr
adduct (m/z 355) and Nne-pyr adduct (m/z 519), as both adducts lose the pyridine ring
with its attached alkyl groups and the fragment ions relate to the lysine portion of the

molecules which is common for both adducts.
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Figure 3.26: MS? result for the derivatised Acr-Lys--pyridinium adduct using RPLC coupled to ESI-CID-
FTMS/MS.

From the MS? results for all lysine pyridinium adducts, these common ion fragments
could be detected with very low intensity as compared to the fragments produced via
fixed mass loss pathways discussed earlier. Figure 3.26 shows different common ion
fragments in the MS? results of derivatised lysine Acr-pyr adduct (355 m/z); these
common ion fragments have low intensity as compared to other fragments produced by

loss of the derivatising moiety rather than the pyridine ring.
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Scheme 3-7: MS? fragmentation pattern of derivatised lysine-pyridinium adduct (using RPLC coupled to
ESI-CID-FTMS/MS) which leads to common ions at m/z 128, 170, 172, 216, and 257.

Table 3-16: Common ion fragments that could be detected with different 2-alkenal-pyridinium adducts
using RPLC coupled to ESI-CID-FTMS/MS.

Common ion Formula Represent Availability
258 C13H,404N; Alkylated lysine without pyridine ring Rare
216 C1oH1804N; 258 - 42 amu (CH3-CH=CH?2) Rare
172 CgH150,N; 216- 44 amu (CO, Low availability
170 CyH160,N; 216 — 46 amu (HCOOH) Available
128 CgH100,N; 170 - 42 amu (CH3-CH=CH2) available

There are two possibilities for the formation of these common ion fragments. The first

possibility could be loss of specific masses from the derivatising moiety such as
propylene (CH3-CH=CH,, 42 amu), formic acid (HCOOH, 46 amu), and carbon dioxide
(CO,, 44 amu) followed by the loss of the pyridine ring. For example, loss of the
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propylene moiety from the derivatised lysine Acr-pyr adduct with mass of m/z 355
followed by loss of the pyridine ring will result in the formation of the common ion at
m/z 216. The second possibility for the formation of the common ion fragments could be
loss of the pyridine ring from the pyridinium adduct followed by loss of specific mass
unit from the derivatising moiety as explained in Scheme 3-7. Table 3-16 shows the
chemical formulae and the abundance of the common ion fragments in different

pyridinium adducts.

The common ion fragment ions with m/z 258 represents loss of the pyridine ring from
the Alkylated lysine pyridinium adduct; this fragment could be reported in a limited
number of pyridinium adducts. Together with the low intensity for all common ion
fragments, this gives an indication that pyridinium adducts have more tendency towards
the loss of specific masses from the derivatising moieties rather than losing pyridine
ring. The HNE adduct shows the same type of fragmentation having common ions at
m/z 170 and 128, as discussed earlier in Scheme 3-2.

3.7.2 Fragmentation Pattern for Lysine-FDP Adducts

MS? fragmentation of FDP adducts is based on the structures proposed by
Ichihashi et al. [section 1.2.1.4], and this includes 2 levels of reduction. The first
reduction step involves the reduction of the peripheral aldehyde group to the
corresponding alcohol group with 2 H atoms acquired during the reduction step with
NaBH,. The second level includes reduction of the double bond within the piperdine
ring with the addition of two H atoms during the same reduction step. The observed
product ions of the derivatised Lys-FDP adduct modified with different 2-alkenals are
listed in Table 3-17, where all fragments are reported with less than 3 ppm deviation of
the observed mass from that of the expected chemical formula. Again, the fragments in
this table have been arranged according to a fixed mass loss from the precursor ion (-18,
-42, -60, -86, -88, -102, and -257 amu), or according to the appearance of a common ion
fragment at m/z 170. Little fragmentation information could be deduced for lysine-FDP

adducts as a result of their low intensity as compared Lys-Pyr adducts.
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Table 3-17: MS? fragmentation pattern for the derivatised lysine-FDP adducts using RPLC coupled to
ESI-CID-FTMS/MS. (A) refers to the availability of the common ion fragment at m/z 170.

Product ions by fixed mass loss from the precursor ion | Common lon Fragment

Adduct Type of adduct | -18 -42 -60 -86 -88 | -102 | -257 170

Acr-Lys-FDP-371 | Lys-FDP (+2H)
Acr-Lys-FDP-373 | Lys-FDP (+4H)
Cro-Lys-FDP-399 | Lys-FDP (+2H) | 381
Cro-Lys-FDP-401 | Lys-FDP (+4H) | 383
Pne-Lys-FDP-427 | Lys-FDP (+2H) | 409 385 367
Pne-Lys-FDP-429 | Lys-FDP (+4H) | 411 387
Hxe-Lys-FDP-455 | Lys-FDP (+2H) | 437 413 395
Hxe-Lys-FDP-457 | Lys-FDP (+4H) | 439 415

Hpe-Lys-FDP-483 | Lys-FDP (+2H) | 465 | 441 | 423 395 381 226 A
Hpe-Lys-FDP-485 | Lys-FDP (+4H) | 467 443

Nne-Lys-FDP-539 | Lys-FDP (+2H) | 521 | 497 | 479 | 453 | 451 437 282 A
Nne-Lys-FDP-541 | Lys-FDP (+4H) | 523 | 499 455

MS2-HEP-FDP #175 RT:7.07 AV: 1 NL:6.16E4

F: FTMS + ¢ ESI Full ms2 483.00@cid35.00 [130.00-483.00] (-18 m/z)

465.37
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Figure 3.27: MS? spectra for the derivatised lysine Hpe-FDP adduct using RPLC coupled to ESI-CID-
FTMS/MS. The fragment at m/z 465 (-18 amu) is dominant over other fragments.

The fragmentation pattern for lysine-FDP adducts is variable, where fragment ions
produced by loss of a water molecule (- 18 amu) from the precursor ion are dominant in
some MS? spectra, while fragments produced by losing water and a propylene molecule
(- 60 amu) are dominant in other MS? spectra. For example, fragment ion at m/z 465
generated by loss of a water molecule is dominant in the MS? spectra for the derivatised
lysine Hpe-FDP adduct which has a monoisotopic peak at m/z 483 (Figure 3.27). Figure

89



3.28 shows the MS? spectrum of the derivatised lysine Nne-FDP adduct which has a
monoisotopic peak at m/z 539 where the fragment ion at m/z 479 generated by loss of 60

amu is dominant over other fragment ions.
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Figure 3.28: MS? spectrum for the derivatised lysine Nne-FDP adduct using RPLC coupled to ESI-CID-
FTMS/MS. The fragment at m/z 479 (-60 amu) is dominant over other fragments.

Scheme 3-8 shows the possible fragmentation pathways for the derivatised lysine-FDP
adducts that could lead to the formation of fixed mass loss fragments or common ion
fragments. The derivatised lysine-FDP adducts show the same fragmentation pattern as
lysine pyridinium adducts where most of the fragments are generated by losing specific
fragments from the derivatising group. These fixed mass loss are represented by loss of
propylene (CH3-CH=CH,, 42 amu), propanol (CH3-CH,-CH,-OH, 60 amu), formic acid
(HCOOH, 46 amu), carbon dioxide (CO,, 44 amu), or any combination of these losses.
However, the derivatised lysine-FDP adduct may lose water molecule (H,O, 18 amu)
due to the availability of peripheral alcohol group in its structure. The only noticeable
common fragment ion for FDP adducts is seen at m/z 170 due to the lysine side chain of
the lysine-FDP adduct. Loss of 60 amu from the precursor ion should be the feasible
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pathway for the fragment generation and should have abundant intensity in the MS?

spectra as there are two possible ways for the formation of such fragment.

2 1
\/\O)LNH R "0 NH R
O @ - H20 0 @
SN \H/‘\/\/EHKJJ/\OH > SN NH
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(o] R R
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Exact Mass: 170.11756 Nonenal C6H13-

Scheme 3-8: MS? fragmentation pattern of a derivatised lysine-FDP adduct using RPLC coupled to ESI-
CID-FTMS/MS.

The first way is by losing water molecule from the peripheral alcohol group followed by
loss of a propylene molecule from the derivatising group in a total of 60 amu; the second
way could be a result of losing propylene followed by losing water molecule from the
same derivatising group moiety in a total of 60 amu. Table 3-18 shows the fixed mass

losses which may be observed from the lysine-FDP adducts under MS? conditions, with
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a possible explanation for the nature of the losses according to the chemical formula for

the fragments as compared to the precursor ion.

Table 3-18: Neutral fragments that will be lost from the parent Lys-2-alkenal-FDP adducts when subject
to fragmentation by ESI-CID-FTMS/MS resulting in the production of different fragments.

Mass loss Represent Availability
-18 H,0 (18 amu) Dominant
-42 CHs3-CH=CH, (42 amu) Dominant
-60 42 + 18 Dominant
-86 42 + 44 amu (CO,) Low abundance
-88 42 + 46 amu (HCOOH) Available
-102 60 + 42 Low abundance
-257 Leaving piperidino ring only Rare
-275 257+18 Very rare

3.8 Defining a Limit of Aldehyde Concentration Required for 2-
Alkenal Adducts Formation and Detection by RPLC-FTMS

The total protein concentration in the normal biological systems ranges between
6.3-8.2 g/100ml [152]. Only the aldehyde concentration inside the biological system
varies from time to time depending on the biological and pathological condition of the
system under study; Alhamdani et al. [153] reported a very low level for different
aldehydes: alkanals, 2-alkenals and 4-hydroxy-2-alkenals in normal individuals as
compared to uremic patients. The levels of such aldehydes were within the nM level,
most of these aldehydes were reported with a P- value less than 0.001, for example 2-
hexenal was reported at 225+66.9 nM, 2-heptenal reported at 158+47.6 nM, 2-nonenal at
132+36.9 nM, and 4-hydroxy-2-nonenal at 105+57.6 nM. In this experiment, an attempt
was made to predict the concentration of the aldehyde at which the formation of 2-
alkenal adducts will cease or fail to produce significant modification to proteins in tissue
and organs. The production and detection of different adducts was performed according
to the procedure described in section 2.3 & 2.4. Full mass spectrometry operating in the
positive mode was used as the detection method.

Table 3-19, Table 3-20 and Table 3-21 show the lowest aldehyde concentrations
required for the formation of different adducts in an amount sufficient to produce a

significant peak in mass spectrometry. The concentrations indicated refer to the initial
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aldehyde concentration in mM, while the numbers in brackets refer to the aldehyde
concentration after incubation of an 11pl aliquot of different aldehyde concentration
with protein sample. Incubating 400 ul of human serum albumin (2.5 mg/ml) with an 11
pl aliquot of an initial aldehyde concentration of 338, 200, 100, 50, 25, 10 and 5 mM
will result in a final aldehyde concentration of 9.05, 5.35, 2.68, 1.34, 0.67, 0.27, 0.13
mM respectively. For example, incubating 400 ul of HSA with 11 pl of 5 mM 2-nonenal
will result in a final concentration of 0.134 mM (or 134 uM) of 2-nonenal after dilution,
which was not enough to mimic the level for 2-nonenal in human body which was about
132 + 36.9 nM as indicated by Alhamdani et al. [153]. Below such aldehydes
concentrations (134 uM) all protein samples failed to show any sign of 2-Nonenal
adducts as a result of the dilution series occurs during extraction and derivatisation
process with EZ:faast method.

Table 3-19: Concentration limits for aldehyde used in incubations below which different lysine-2-alkenal
adducts cannot be detected. M= Michael, S=Schiff. The aldehyde limits represent the initial aldehyde

concentration used, while the number in the brackets represents the aldehyde concentration after dilution.
N=3

Lysine Adducts

Acr-Lys-M 10 (0.267) Pne-Lys-M 10 (0.267) Hpe-Lys-M 10 (0.267)

Acr-Lys-S N/A Pne-Lys-S 25 (0.669) Hpe-Lys-S 25 (0.669)
Acr-pyr-349 N/A Pne-pyr-405 338 (9.046) Hpe-pyr-461 N/A
Acr-pyr-351 10 (0.267) Pne-pyr-407 25 (0.669) Hpe-pyr-463 10 (0.267)
Acr-pyr-353 25 (0.669) Pne-pyr-409 50 (1.338) Hpe-pyr-465 25 (0.669)
Acr-pyr-355 5(0.134) Pne-pyr-411 10 (0.267) Hpe-pyr-467 50 (1.338)
Acr-pyr-357 5(0.134) Pne-pyr-413 25 (0.669) Hpe-pyr-469 100 (2.677)
Acr-FDP-371 10 (0.267) Pne-FDP-427 25 (0.669) Hpe-FDP-483 50 (1.338)

Cro-Lys-M 10 (0.267) Hxe-Lys-M 10 (0.267) Nne-Lys-M 10 (0.267)

Cro-Lys-S 50 (1.338) Hxe-Lys-S 50 (1.338) Nne-Lys-S 10 (0.267)
Cro-pyr-377 N/A Hxe-pyr-433 N/A Nne-pyr-517 200 (5.353)
Cro-pyr-379 50 (1.338) Hxe-pyr-435 10 (0.267) Nne-pyr-519 25 (0.669)
Cro-pyr-381 25 (0.669) Hxe-pyr-437 50 (1.338) Nne-pyr-521 200 (5.353)
Cro-pyr-383 5 (0.134) Hxe-pyr-439 25 (0.669) Nne-pyr-523 25 (0.669)
Cro-pyr-385 5 (0.134) Hxe-pyr-441 50 (1.338) Nne-pyr-525 200 (5.353)
Cro-FDP-399 200 (5.353) Hxe-FDP-455 100 (2.677) Nne-FDP-539 50 (1.338)
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Table 3-20: Concentration limits for aldehydes used in incubations below which different arginine-2-
alkenal adducts cannot be detected. M= Michael, S=Schiff. The aldehyde limits represent the initial
aldehyde concentration used, while the number in the brackets represents the aldehyde concentration after
dilution. N=3

ARGININE ADDUCTS

Acr-Arg-M N/A Hxe-Arg-M 5(0.134)
Acr-Arg-S N/A Hxe-Arg-S 50 (1.338)
Cro-Arg-M 10 (0.267) Hpe-Arg-M 5(0.134)
Cro-Arg-S 5(0.134) Hpe-Arg-S 25 (0.669)
Pne-Arg -M 25 (0.669) Nne-Arg-M 5(0.134)
Pne-Arg-S 25 (0.669) Nne-Arg-S 5(0.134)

Table 3-21: Concentration limits for aldehydes used in incubations below which different histidine-2-
alkenal adducts cannot be detected. M= Michael. The aldehyde limits represent the initial aldehyde
concentration used, while the number in the brackets represents the aldehyde concentration after dilution.

N=3
HISTIDINE ADDUCTS

Acr-His-M 5(0.134) Hxe-His-M 5(0.134)
Cro-His-M 5(0.134) Hpe-His-M 5 (0.134)
Pne-His-M 5 (0.134) Nne-His-M 5 (0.134)

Table 3-19 shows the aldehyde concentration limits for the detection of different lysine
2-alkenal adducts in mM concentration. The lysine pyridinium adducts were the
dominant adducts as they could be detected when the protein samples were incubated
with a very low aldehyde concentrations down to 5 mM. In general, Michael adducts for
lysine amino acids could be detected at lower aldehyde concentrations than those
required for Schiff bases formation. The Schiff base can be dissociated back to the
aldehyde group and primary amine group. The non-reduced form of lysine pyridinium
adducts (Lys-pyr -2H) could only be detected at very high concentrations of aldehydes,
200-338 mM. Other lysine pyridinium adducts required between 5mM and 338mM of

aldehyde for their formation.

Figure 3.29 shows the distribution of different Lys-Pne adducts over a range of 2-
pentenal aldehyde concentrations. It is noticeable that Lys-FDP and Pne-pyr adducts
(mainly Lys-pyr & Lys-pyr +4 H) are dominant over other adducts while Pne-pyr-2H
(Pne-Pyr-405) is only detectable high aldehyde concentrations. Shao et al. (2005) [34]
referred to the dominance of FDP and pyridinium adducts when acrolein aldehyde was

incubated with a synthetic peptide; while other studies [28, 29, 53] confirm the
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dominance of the pyridinium adduct over other adducts. Our results for the incubation of
2-alkenals with protein (Figure 3.29 for 2-pentenal results) confirm the earlier
observation where FDP and pyridinium adducts are dominant over other adducts.

However, all Pne-Lys adducts disappeared at 5mM aldehyde concentration.

Arginine modifications are limited to Schiff base and Michael adducts; Table 3-20
shows the aldehyde concentration limits for different arginine 2-alkenal adducts. In
comparison to the corresponding adducts for lysine, there is no significant difference in
the aldehyde concentration required for the formation of the Schiff base and Michael
adducts for arginine. Some of the arginine Michael adducts have a lower aldehyde
concentration limit than Schiff base limit (e.g. Hxe-Arg-M), while others have higher
aldehyde concentration limit than Schiff base limit (e.g. Cro-Arg-M). In comparison to
lysine and arginine Michael-adducts, histidine-Michael adducts seem to be more readily
formed at a lower aldehyde concentration (ca. 5mM) than those required for the

formation of lysine and arginine adducts (Table 3-21).

Incubation of Protein with Different Concentration of 2-
Pentenal Aldehyde
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Figure 3.29: Comparison between the average intensity of different Pne-Lys adducts which results from
the incubation of protein samples (2.5 mg/ml) with 2-pentenal aldehyde by the addition of 11 ul of 2-
pentenal at different initial concentrations of 5, 10, 25, 50, 100, 200, and 338mM.
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The specified concentration limits for the production and detection of different 2-alkenal
adducts could be a reasonable justification for the inability to detect these adducts in
plasma samples from normal individuals or from diabetic patients with slightly elevated
aldehyde levels. By considering the assigned limit for the different aldehydes, all
adducts required greater aldehyde concentrations than that which may be available in the
biological system to produce a significant amount of 2-alkenal adducts for RPLC-FTMS
detection, with the exception of the histidine adducts. However, histidine is present in a
relatively low amount in the HSA molecule, 2.6% as specified by Swiss Institute of
Bioinformatics [154], which may be the possible reason for the lack of a sufficient
amount of adduct to produce a signal in the mass spectrometer. In general, Schiff base
and Michael adducts of different amino acids that are modified with acrolein aldehyde
could not be detected in some samples, as discussed previously, due to the possibility of
the further modification to a more complex form. Figure 3.30 shows the disappearance
of the lysine amino acid peak in the total ion chromatograms when a protein sample was

incubated with increasing acrolein concentrations.
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Figure 3.30: The response for the lysine peak over different acrolein concentrations using EZ:faast method
and RPLC-ESI-FTMS.
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3.9 Percentages of 2-Alkenal Adducts in HSA Hydrolysate Samples

Calculating the percentage of different 2-alkenals adducts according to mass
spectrometry detection is based on 3 assumptions. Firstly, equal response factors for 2-
alkenal adducts and the parent amino acid has been assumed for the mass spectrometry
detection process. Secondly, amino acids (lysine, arginine, and histidine) residues in a
protein molecule are assumed to undergo specific types of modifications when incubated
with different 2-alkenals; these modifications may include: Schiff base, Michael adduct,
pyridinium and FDP adducts. Finally, all the chemical reactions of 2-alkenals with
amino acid residues in the protein sample, and the subsequent extraction and
derivatisation protocol were reproducible. These assumptions enabled the calculation of
the modification percentages for each basic amino acid residue within a protein
molecule. Certainly this represents only a very rough approximation but it does allow for

some insight into the degree of modification occurring.

In each protein sample which had been modified with 2-alkenals, the detected free
amino acid (lysine, arginine, and histidine) is considered as the remaining amount after
modification and formation of 2-alkenal adducts related to that amino acid. For example,
incubation of the protein sample with 2-hexenal aldehyde returned the results shown in

(Table 3-22) for lysine amino acid together with its related adducts.

The percentage of each compound was calculated according to the peak area of that
compound, for example: the percentage for the remaining lysine could be calculated by
dividing the peak area for the observed lysine (in each injection) by the total peak area
for lysine and its related adducts (in each injection) multiplied by 100%. Each sample
has been injected twice to minimise the errors; Mean 1 (%) = [Peak Area 1A (%) + Peak
Area 1A (%)]/2. Then the average (%) for remaining lysine was calculated from the
mean of the 2 samples; Average (%) = [Mean 1(%) + Mean 2 (%)]/2. The same

calculations were carried out for all lysine, arginine, and histidine adducts.
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It is quite obvious from Table 3-22 that there is a fluctuation in the percentage of the
amino acid and its related adducts from one injection to another, or from one sample to
another. This can be explained by different chemical conditions in different samples
that may favour the formation of certain adducts over other types in different samples, or
could results from instrument fluctuation in different injections. Table 3-23 shows the
average percentage for each 2-alkenal adduct in comparison to the parent amino acid
(lysine, arginine and histidine) as calculated according to the procedures described in
Table 3-22 for 2-hexenal adducts.

Table 3-22: Method used for calculating the average % for 2-alkenal adducts using 2 repeated injections
for sample #1 and #2. Peak area (%) = 100% * (Peak Area/Total Peak Area). Mean (%) = [Peak Area
1A (%) + Peak Area 1B (%)]/2. Average (%) = [Mean 1 (%) + Mean 2 (%)]/2. SE Mean = STDEV/VN

N=2
Typeof adduct | PR s A oron i %
Remaining Lysine 1.93E+09 90.04 1.97E+09 89.95 90.00 1.95E+09 90.62 1.99E+09 90.34 90.48
Hxe-Lys-M 2.11E+07 0.98 2.24E+07 1.02 1.00 1.72E+07 0.80 1.82E+07 0.83 0.81
Hxe-Lys-S 5.51E+06 0.26 6.34E+06 0.29 0.27 6.08E+06 0.28 7.00E+06 0.32 0.30
Hxe-pyr-433 4.15E+05 0.02 3.98E+05 0.02 0.02 1.12E+05 0.01 1.08E+05 0.00 0.01
Hxe-pyr-435 4.74E+07 221 4.29E+07 1.96 2.09 3.48E+07 1.61 3.15E+07 1.43 1.52
Hxe-pyr-437 4.16E+07 1.94 4.88E+07 2.23 2.08 6.25E+07 2.90 7.33E+07 3.32 3.11
Hxe-pyr-439 6.77E+07 3.16 6.91E+07 3.15 3.16 6.30E+07 2.92 6.43E+07 291 2.92
Hxe-pyr-441 6.20E+06 0.29 6.08E+06 0.28 0.28 3.89E+06 0.18 3.81E+06 0.17 0.18
Hxe-FDP-455 2.36E+07 1.10 2.41E+07 1.10 1.10 1.46E+07 0.68 1.49E+07 0.68 0.68
Total = 2.14E+09 100.00 2.19E+09 100.00 100.00 | 2.16E+09 100.00 2.21E+09 100.00 100.00
Type of adduct ‘ Average (%) STDEV SE mean ‘
Remaining Lysine 90.24 0.24 0.17
Hxe-Lys-M 0.91 0.10 0.07
Hxe-Lys-S 0.29 0.01 0.01
Hxe-pyr-433 0.01 0.01 0.00 -
Hxe-pyr-435 1.80 0.28 0.20
Hxe-pyr-437 2.60 0.51 0.36
Hxe-pyr-439 3.04 0.12 0.08
Hxe-pyr-441 0.23 0.05 0.04
Hxe-FDP-455 0.89 0.21 0.15
Total = 100.00
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Schiff base adducts for lysine show the lowest percentages as compared to Michael,
pyridinium and FDP adducts. In contrast, pyridinium adducts as a total (reduced and non
reduced forms) constitute the highest percentages amongst different lysine adducts. This
supports the idea that Schiff base reaction is a transitional step in the reaction leading to
the formation of other adducts [60]. Nevertheless, lysine and arginine amino acids show
less modification as compared to histidine amino acids (less than 10%), with the
exception of protein samples which had been incubated with acrolein and 2-heptenal
aldehydes where lysine shows a high percentage of modification, as high as ca. 35% and
18%, respectively. Uchida et al. (1998) [136] reports high reactivity for acrolein
aldehyde, using an immuno-assay test, as compared to other biological aldehydes; our
research results shown in Table 3-23 confirm the high reactivity of acrolein aldehyde

when incubated with protein samples as compared to other aldehydes.

Histidine shows the highest level of modification as compared to lysine and arginine
amino acids. The percentages of the histidine adducts range between 36% and 88%,
compared with histidine amino acid from the HSA hydrolysate in most of the cases
where protein incubated with 2-alkenals (with the exception of 2-pentenal samples
which showed 19% modification only). However, the low availability of histidine in
tissues throughout the body [139] is a reasonable justification for the inability to detect
histidine adducts in biological samples, despite its high reactivity, as indicated by our
research results in Table 3-23. Tang et al. (2007) [139] suggest using a histidine
analogue as a scavenger for toxic aldehydes such as HNE, due to the ability of the
histidine analogues to react with these aldehydes preventing their harmful effects.
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Table 3-23: Percentage of the derivatised 2-Alkenal Adducts in relation to the remaining amino acid in

HSA. N=4
Type of adduct Average % Type of adduct Average % Type of adduct Average %
Remaining Lysine 64.434 Remaining Lysine 93.118 Remaining Lysine 92.184
Acr-Lys-M 0.249 Cro-Lys-M 0.513 Pne-Lys-M 0.666
Acr-Lys-S 0.015 Cro-Lys-S 0.081 Pne-Lys-S 0.133
Acr-pyr-349 2.096 Cro-pyr-377 0.001 Pne-pyr-405 0.077
Acr-pyr-351 4.407 Cro-pyr-379 0.260 Pne-pyr-407 2.242
Acr-pyr-353 3.322 Cro-pyr-381 1.235 Pne-pyr-409 0.196
Acr-pyr-355 10.732 Cro-pyr-383 3.258 Pne-pyr-411 2.122
Acr-pyr-357 5.552 Cro-pyr-385 1.421 Pne-pyr-413 0.424
Acr-FDP-371 9.193 Cro-FDP-399 0.113 Pne-FDP-427 1.956
Type of adduct Average % Type of adduct Average % Type of adduct Average %
Remaining Arginine 99.891 Remaining Arginine 95.967 Remaining Arginine 93.304
Acr-Arg-M 0.081 Cro-Arg-M 1.833 Pne-Arg-M 3.342
Acr-Arg-S 0.028 Cro-Arg-S 2.200 Pne-Arg-S 3.354
Type of adduct Average % Type of adduct Average % Type of adduct Average %
Remaining Histidine 63.000 Remaining Histidine 80.580 Remaining Histidine 63.850
Acr-His-M 37.000 Cro-His-M 19.420 Pne-His-M 36.150
2-Hexenal 2-Heptenal 2-Nonenal
Type of adduct Average % Type of adduct Average % Type of adduct Average %
Remaining Lysine 90.240 Remaining Lysine 82.763 Remaining Lysine 93.324
Hxe-Lys-M 0.905 Hpe-Lys-M 0.874 Nne-Lys-M 0.480
Hxe-Lys-S 0.286 Hpe-Lys-S 0.172 Nne-Lys-S 0.099
Hxe-pyr-433 0.012 Hpe-pyr-461 0.239 Nne-pyr-517 0.121
Hxe-pyr-435 1.802 Hpe-pyr-463 6.222 Nne-pyr-519 2.577
Hxe-pyr-437 2.600 Hpe-pyr-465 1.851 Nne-pyr-521 0.806
Hxe-pyr-439 3.036 Hpe-pyr-467 3.902 Nne-pyr-523 1.003
Hxe-pyr-441 0.230 Hpe-pyr-469 0.558 Nne-pyr-525 0.164
Hxe-FDP-455 0.889 Hpe-FDP-483 3.419 Nne-FDP-539 1.426
Type of adduct Average % Type of adduct Average % Type of adduct Average %
Remaining Arginine 91.358 Remaining Arginine 87.820 Remaining Arginine 90.410
Hxe-Arg-M 6.606 Hpe-Arg-M 12.179 Nne-Arg-M 8.000
Hxe-Arg-S 2.036 Hpe-Arg-S 0.001 Nne-Arg-S 1.590
Type of adduct Average % Type of adduct Average % Type of adduct Average %
Remaining Histidine 56.142 Remaining Histidine 12.000 Remaining Histidine 46.000
Hxe-His-M 43.858 Hpe-His-M 88.000 Nne-His-M 54.000
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3.10 Determination of Limit of Detection (LOD) and Limit of
Quantification (LOQ) for 2-Alkenals Adducts Using the RPLC-
FTMS

An exact expression should be used to define LOD and LOQ for the Orbitrap
instrument, since it is difficult to define LOD and LOQ in a proper way in high
resolution mass spectrometry LC-FTMS. Orbitrap parameters will discard background
ions together with some of the analyte ions which fall below a certain threshold in order
to avoid overfilling the trap with background ions. As a result, the LOD is defined as the
last concentration which could be detected before the signal disappeared. A golden rule
was set to differentiate between LOD and LOQ, where LOD was defined as the last
concentration where the peak could be observed with 3 main criteria: (1) the observed
mass should be within +5ppm deviation from the theoretical mass, (2) with an average
intensity more than 1.50 E+4, (3) and with at least 3 scans across the peak. This
definition for LOQ allows enough confidence when quantifying a certain compound
with the Orbitrap. If the observed peak failed to fulfil these requirements, the observed
peak was considered as the LOD instead of the LOQ. Figure 3.31 explains the definition
of LOD and LOQ for histidine in a serial dilution series of an amino acids mixture using
HILIC-FTMS analysis. The peak on the right has been assigned as LOQ for histidine as
it shows an average intensity of 1.63 E+4 with 4 scans cross the peak each of which fall
within £5ppm deviation from the theoretical mass for histidine. The peak on the left

failed to fulfil the requirements and was assigned as the LOD for histidine.

A stock dilution method for the modified protein samples was designed to examine the
LOD and LOQ for different 2-alkenal adducts. A stock solution consisting of 2.5 mg/ml
human serum albumin (HSA) in phosphate buffer saline solution (PBS) at pH 7.4 was
incubated with 11 ul of 338 mM solutions of the 2-alkenal series and processed in the
usual way according to the procedure described in section 2.3.2. A hydrolysis process
for the modified protein sample with 6N HCI will result in the formation of the protein

hydrolysate with a protein content what is equivalent to 1.178 mg/ml; this protein
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hydrolysate had been assigned as stock solution for the dilution series required for LOD

and LOQ determination.
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Figure 3.31: LOD and LOQ definition for non-derivatised histidine using ESI-FTMS analysis.

Before starting with the EZ:faast method, a dilution steps for the stock solution was
carried out in order to prepare a series of diluted solutions for the protein hydrolysate at
0.943, 0.471, 0.236, 0.118, 0.047, and 0.024 mg/ml or what is equivalent to an initial
protein concentration (without hydrolysis) of 2, 1, 0.5, 0.25, 0.1, and 0.05 mg/ml,

respectively. Following the dilution law equation,
Cl*V1=C2*V2

Where C1 is the initial concentration of the stock solution, in this case it will be protein
hydrolysate with a concentration of 1.178 mg/ml (equivalent to initial protein
concentration of 2.5 mg/ml without hydrolysis), C2 is the required standard
concentration, which is either 0.943 (2), 0.471 (1), 0.236 (0.5), 0.118 (0.25), 0.047
(0.01), and 0.024 (0.05) mg/ml; the numbers in the brackets represent the initial protein

102



concentration without hydrolysis. V2 is the volume for the required standard
concentration, and V1 is the volume that should be pipetted from the stock solution and
diluted to V2 with phosphate buffered saline solution (pH 7.4) in order to achieve the
intended standard concentration, C2. The EZ:faast method is used as the main part of the
analytical process for amino acids and 2-alkenal adducts detection according to the
procedure in section 2.4.1. The EZ:faast method requires 100 pl from the dilution series
(1.18, 0.94, 0.47, 0.24, 0.12, 0.05, and 0.02 mg/ml) to do extraction and derivatisation
processes for amino acids and 2-alkenal adducts. As a result of that, V2 is assigned as
100 pl in the dilution law, which is the volume required for extraction and derivatisation

processes with the EZ:faast method. The dilution table is shown in Table 3-24.

Table 3-24: Preparation of a dilution series from an original stock solution of protein hydrolysate. C refers
to the concentration in mg/ml whereas V refers to the volume in pl. The numbers in the brackets
represents the initial protein concentration without hydrolysis

Cl(mg/ml) C2 (mg/ml) V2 (ul) V1(ul) Required dilutionvolume of PBS in (ul)
1.18 (2.5) 0.94 (2) 100 80 20
1.18 (2.5) 0.42 (1) 100 40 60
1.18(25)  0.24(05) 100 20 80
1.18(25)  0.12(0.25) 100 10 90
1.18(25)  0.05(0.1) 100 4 9
1.18(25)  0.02 (0.05) 100 2 98

Finally, the standard solutions were ready for extraction and derivatisation with the
EZ:.faast method and analysis with LC-MS. Several steps are required in order to
determine the LOD for each adduct; these are: determine the dilution factor for the
EZ:.faast method, determine the amount of protein injected in 10 pl to LC-MS,
determine the percentage of each amino acid in the protein sample, and finally calculate
LOD and LOQ using the percentage of each adduct [section 3.9] in relation to its

inherent amino acid content.

103



3.10.1 Calculation of Dilution Factor for the EZ:faast Method and the
Amount of Protein Injected on C-18 Column

The amount of protein in 10 pl of 2.5 mg/ml of protein sample (HSA or BSA)

being injected into LC-MS should contain 655 ng of protein after being extracted and

derivatised with the EZ:faast method according to the following steps. First, to make

acid hydrolysis with 6N HCI, 0.4 ml of 2.5 mg/ml of protein solution being pipetted into

10ml test tube followed by the addition of 11 ul of aldehyde, 37.5 ul of NaBH,, and 400

pl of 6N HCI to give a total volume of 0.8485 ml. so the final concentration will be:
25mg/ml*04ml=Y *0.8485 ml —>Y =1.1786 mg/ml

For the EZ:faast method, 0.1 ml of protein hydrolysate was diluted with 0.2 ml of
reagent 2 from the EZ:faast Kit, which consists of sodium carbonate solution. So, there

will be a dilution to a total volume of 0.3 ml and the concentration of protein will

1.1786 mg/ml * 0.1 ml=Y *0.3ml =——>Y=0.3928 mg/ml = 392.85 ug/ml

Pipette 0.05 ml of this solution to make the EZ:faast extraction with the EZ:faast tips.

So, the amount of protein in this 0.05 ml will be:
392.85 pg/ml * 0.05 ml=19.6425 ug in the 50 pl of the protein sample.

The process of the EZ:faast method includes: extraction, derivatisation and liquid-liquid
extraction. In the liquid-liquid extraction step, the addition of 50 ul of reagent 4 and 100
ul of reagent 5 will constitute a total volume of 150 pl of organic layer. So, the total
amount of protein (19.6 pg) would be dissolved in 150 ul of the upper layer (organic
layer), based on the assumption that 100% recovery could be achieved by extraction and
derivatisation step for the EZ:faast method. An aliquot (50 ul) from this upper layer was
pipetted into a HPLC vial, which will contain protein hydrolysate equivalent to 6.5475

Kg. The sample was then evaporated under a slight nitrogen gas stream until dry, and
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then re-dissolved in 100 ul of mobile phase. So, the final concentration of protein before

injection would be:

6.5 nug/ 0.1 ml=65.5 pg/ml

So the final amount of protein that will be analysed by LC-MS will be (65.476 pg/ml *
0.01 ml = 0.65475 pg = 654.75 ng) of protein sample which will be injected onto C-18
for RPLC-FTMS detection.

C (mg/ml) * 26.19 = ug/ml the final concentration of before injection on C-18 column for RPLC-FTMS analysis

C is the initial concentration of protein (mg/ml) before acid hydrolysis and the EZ:faast
method; while 26.19 represents a dilution factor for the whole process of protein
samples treatment which starts by incubating 400 ul of the protein sample with 11 ul of
aldehydes and finish by the last step before injecting the protein sample onto C-18
column for RPLC-FTMS detection, including reduction and acid hydrolysis steps.

Table 3-25: Amounts of protein in a 10 pl aliquot of the diluted protein solution series that are injected
into the LC-MS.

Initial concentration Dilution factor for the Final concentration ’.*".‘0“"‘ i [p(BET  IE
(mg/ml) E7-faast (ug/ml) injected 0n(§;—)18 Column

2.5 26.19 65.475 654.75

2 26.19 52.38 523.8

1 26.19 26.19 261.9

0.5 26.19 13.095 130.95

0.25 26.19 6.5475 65.475

0.1 26.19 2.619 26.19

0.05 26.19 1.3095 13.095

Table 3-25 shows the final amount of protein in ng that would be injected in 10 ul
aliquot onto C-18 column, for different initial protein concentrations, whereas Table 6-9
shows the % of the amino acids in HSA molecule based on the information reported by
the Swiss Institute of Bioinformatics [154]. Furthermore, side chain properties such as

polarity, acidity or basicity are also shown in the same table.
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3.10.2 LOD & LOQ

Depending on the information and results achieved in sections 3.9, 3.10, and
3.10.1, the LOD and LOQ for different 2-alkenal adducts in a dilution series could be
determined using the rules for LOD and LOQ which have been discussed in section 1.6.
Table 6-10 to Table 6-15 show the approximate LOD and LOQ values for lysine,
arginine, and histidine together with their related adducts. LOD and LOQ for amino
acids could be calculated by multiplying the amount of protein that would be injected in
10 ul on C-18 column by the percentage of the amino acid in the protein molecule, for
example lysine amino acid LOD= 13.1ng* 9.85/100=1.289 ng. The LOD and LOQ for
the amino acids were determined using a protein sample which had not been incubated
with 2-alkenals, whereas LOD and LOQ for 2-alkenal adducts were determined using
protein samples which had been incubated with 2-alkenals aldehydes. LOD or LOQ for
2-alkenal adducts were calculated by multiplying the percentage of adduct by the
percentage of the related amino acid by the amount of protein injected on C-18 column,
for example Acr-Lys-Michael LOD= 261ng * (9.85/100) * (0.249/100) =
274*9.85*0.249/10000=0.0640 ng. The LOD values for most of the 2-alkenal adducts
have been estimated within sub-nanogram level, whereas the LOQ values for most of
these adducts could be detected as 2 times the LOD for that adduct.

3.11 Detection of Adducts in Samples of Plasma Protein Using the
EZ:faast Method

Plasma samples from the Queen’s Medical Research Institute, University of
Edinburgh were prepared according to the procedure described in section 2.6. Both the
supernatant and the precipitate were examined for the 2-alkenal adducts. Full scan mass
spectrometry for plasma samples revealed a number of 2-alkenal adducts listed in Table
3-26 and Table 3-27, for the precipitate and the supernatant layers, after hydrolysis and
the derivatisation process. These plasma samples had been treated according to the

procedure for protein extraction from plasma samples described in section 2.6.
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Table 3-26: MS detection for the derivatised 2-alkenals adducts in plasma samples from obese patients
usin RPLC-ESI-FTMS. These adducts had been recovered from the the precipitate layer for the plasma
samples after reduction, acid hydrolysis and derivatisation steps.

Adduct R control (min) | R¢(min) | Observed m/z | Intensity ppm | Sample I.D Status
2.38 351.22845 2.69E+04 | 0.616 | 11BAS40 2 Spikes
Acr-ppy-351 2.77 -
2.37 351.22769 1.44E+04 | -0.144 8AAS40 2 Spikes
3.83 407.29065 3.28E+04 | 0.215 9BBS40 Significant
3.84 407.29117 5.12E+04 | 0.735 10AAS40 Significant
3.83 407.29117 2.67E+04 | 0.735 | 11BAS40 | Significant
3.86 407.29056 9.81E+04 | 0.125 12BAS40 Significant
3.84 407.29086 | 4.20E+04 | 0.425 3ABS40 | Significant
3.84 407.29068 2.03E+04 | 0.245 4BBS40 Significant
Pne-pyr-407 3.56 —
3.83 407.29077 5.70E+04 | 0.335 5ABS40 | Significant
3.86 407.29071 8.64E+04 | 0.275 6AAS40 Significant
3.86 407.29144 2.39E+04 | 1.005 7ABS40 Significant
3.84 407.29071 1.28E+05 | 0.275 8AAS40 Significant
3.87 407.29123 2.46E+04 | 0.795 | 13BAS40 3 Spikes
3.86 407.29141 2.01E+04 | 0.975 2BAS40 One Spike
Hpe-Arg-S 4.64 4.39 399.29611 1.78E+04 | -0.473 3ABS40 One Spike

Although some of these could not be quantified as they failed to fulfil the requirement of
the golden rule for LOQ that “LOQ peaks should have a minimum intensity of 1.5 E+4
and a minimum of 3 scans across the peak and should be within 5 ppm deviation from
the theoretical mass”; other peaks which fulfilled these requirements had been assigned
as significant peaks. Other peaks could not fulfil the criterion of “3 scans across the
peak” despite enough intensity and being within 5 ppm deviation; the number of scans

across each peak has been listed in Table 3-26 & Table 3-27.

The identity of these adducts was confirmed by: (1) narrow mass window for the
compound with less than 5ppm deviation, (2) retention time as compared to a standard,
(3) comparing the mass spectra for the adduct with a simulation for the exact mass for
that adduct, and finally (4) MS? fragmentation. Simulation can provide useful
information about the isotopic distribution for the compounds, especially **C intensity
expected for a particular adduct. Due to low intensity for 2-alkenal adducts in plasma

samples, the *C isotope peak could not be detected in all of these adducts.
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Table 3-27: MS detection for the derivatised 2-alkenals adducts in plasma samples from obese patients
using the EZ:faast method and RPLC-ESI-FTMS. These adducts had been recovered from the the
supernatant layer for the plasma samples after reduction, acid hydrolysis and derivatisation steps.

Adduct R; control (min) R;(min) Observed m/z | Intensity | ppm | Sample I.D Status

Acr-pyr-351 2.77 2.38 351.20815 | 355E+04 | 0.899 | 9BBS40 | Significant
2.85 379.25925 | 1.85E+04 | 0.305 | 10AAS40 | One Spike
2.71 379.25943 | 2.16E+04 | 0779 | L1BAS40 | One Spike
Cro-pyr-379 3.08 274 37905095 | 2.03E+04 | 2.15 | 5ABS40 | One Spike
28 3792601 | 2.04E+04 | 2.546 | 9BBSA0 | One Spike
Cro-pyr-383 356 389 38320083 | 1.80E+04 | 1.032 | L11BAS40 | One Spike
Pne-Arg-M 3.24 3.74 389.27576 | 1.86E+04 | 0.224 | 7ABSA0 | One Spike
322 371.26553 | 2.02E+04 | 0.667 | 9BBS40 | One Spike
3.64 371.26529 | 1.69E+04 | 0.02 | 10AAS40 | One Spike
Pne-Arg-S 333 37 37126547 | 1.82E+04 | 0505 | L11BAS40 | One Spike
371 371.26535 | 2.20E+04 | 0182 | BAASA0 | One Spike
3.84 407.29080 | 3.63E+05 | 1.118 | 9BBSA0 | Significant
3.86 407.29047 | 331E+04 | 0.087 | 10AAS40 | Significant
3.85 40729092 | 2.26E+05 | 1192 | 11BAS40 | Significant
383 40729089 | 341E+04 | 1118 | 12BAS40 | Significant
3.85 407.29102 5.56E+04 | 1.437 13BBS40 | Significant
3.82 407.29074 5.36E+04 | 0.75 2BAS40 Significant
Pne-pyr-407 356 3.85 4072905 | 420E+04 | 0161 | 3ABS40 | Significant
383 40729099 | 1.0GE+05 | 1364 | 4BBSA0 | Significant
383 40729007 | 2.36E+04 | -0.895 | 5ABS40 | Significant
38 40729071 | 3.32E+04 | 0.676 | 6AAS40 | Significant
3.86 407.29065 1.65E+04 | 0.529 7ABS40 Significant
386 407.28098 | 2.37E+04 | -1.116 | BAAS40 | Significant
Pne-pyr-409 3.69 3.54 409.30542 1.65E+04 | -1.624 4BBS40 One Spike
Hxe-His-M 312 2.75 38425092 | L56E+04 | 4221 | 9BBSA0 | One Spike
Hxe-pyr439 | 543,602, 660,736 | 596 624 | 43935263 | 2.18E+04 | -0.922 | 12BAS40 | One Spike
4.78 41730676 | 1.67E+04 | -0.928 | 13BBS40 | One Spike
Hpe-Arg-M 4.03 4.57 417.3078 1.60E+04 | 1.564 3ABS40 One Spike
4.76 41730737 | 1.98E+04 | 0534 | 7ABS40 | One Spike
5.34 371.28983 | 1.78E+04 | -1.628 | 2BASA0 | One Spike
Hpe-Lys-S 4.75,5.12 472 37128031 | 1.84E+04 | -3.020 | 9BBSA0 | One Spike
6.18 46133713 | 1.58E+04 | -0552 | 9BBS40 | One Spike
Hpe-pyr-461 | 5:38,6.19,7.28,8.06 6.92 46133838 | 2.20E+04 | 2157 | 3ABS40 | One Spike
9.85,10.96 | 460.39993 | L69E+04 | -0.117 | 9BBS40 | One Spike
Hpe-pyr-469 93,1009, 11.25 1146 46039853 | 1.88E+04 | 3.1 | 13BBS40 | One Spike
6.05 41733249 | 1.92E+04 | 0457 | 10AAS40 | One Spike

Nine-Lys-M 568/6.29 554/6.68 | 417.33228 | 1.90E+04 | -0.047 | 4BBS40 2 Spikes
7.67 30932129 | 1.69E+04 | -1.114 | 2BAS40 | One Spike
Nne-Lys-S 7.42/8:36 8.57 30932144 | 1.83E+04 | -0.738 | GAAS40 | One Spike
1476 51041583 | 2.55E+04 | 0375 | L11BAS40 | One Spike
Nne-pyr-519 14.14 14.79 519.41418 2.08E+04 | -2.802 8AAS40 One Spike
14.61 51041351 | 2.52E+04 | 4.092 | 9BBS40 | One Spike
1555 52143146 | 3.04E+04 | 0335 | 9BBS40 | One Spike
Nne-pyr-521 | 12.81,14.00, 14.44, 1580 = ¢ 52143298 | 2.03E+04 | 325 | 4BBS40 | One Spike
Nne-pyr-525 14.46, 15.57 15.49 52546228 | 2.24E+04 | 0581 | 12BAS40 | One Spike

Nne-Arg-M 6.52 6.49 445.3378 1.82E+04 | -1.454 2BAS40 2 Spikes
Nne-Arg-S 7.34/7.70 7.83 427.32794 1.87E+04 | 0.134 13BBS40 One Spike
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Nevertheless, Figure 3.32 shows the mass chromatograms and spectra for the *C
monoisotopic peak for Pne-pyr-407 adduct in a plasma sample with the ID 12BAS40
from the precipitate layer. Also the identity of such peak was confirmed by the presence
of similarity for the *3C peak and spectra between the detected and the simulated one.
However, the detection of *C isotope peak failed for the other peaks although there was
enough intensity to have seen it. For example, Acr-pyr-351 adduct could be detected in
enough intensity in the plasma sample with the ID#11BAS40 from the supernatant layer
(Figure 3.33).
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Figure 3.32: Full mass spectrometry detection for derivatised Pne-pyr-407 pyridinium adducts in plasma
using the EZ:.faast method and RPLC-ESI-FTMS. Upper chromatogram shows the peak for the
monoisotopic peak for the *?C adduct while the lower chromatogram shows the monoisotopic peak for the
3¢C adduct. Upper spectra shows the real mass spectra at a retention time 3.84 min while the lower spectra
shows the simulation for the mass spectra for Pne-pyr-407 adduct.

Additionally, MS? fragmentation was used as a method to confirm the identity of 2-
alkenal adducts by comparing MS? results with the standard ones. Again, only adducts
with high intensity could produce good MS? results. Figure 3.34 shows the MS?
spectrum for pen the pyr adduct in plasma samples from obese patients. By comparing
the product ions for this adduct with standard samples (the product ions for the Pne-pyr-
407 which had been produced by incubating HSA with 2-pentenal), it is possible to see
that both of them follow the same fragmentation pattern by losing propanol (-60 m/z) or

propylene and CO, moieties (-86 m/z) from the molecular ion.
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Figure 3.33: Full scan mass spectrometry detection for the derivatised Acr-pyr-351 adducts in plasma
samples from obese patients using the EZ:faast method and RPLC-ESI-FTMS.
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Figure 3.34: MS? result for Pne-pyr-407 in a plasma samples from an obese patient using the EZ:faast
method and RPLC-ESI-FTMS/MS.

A high number of 2-alkenal adducts could be detected in the supernatant layer rather
than the precipitate (protein pellet); this could be attributed to the high free amino acids
[155, 156] and peptides [157, 158] content in the human blood samples which allows a
high percentage of modification with biological aldehydes. Modification of the amino
acid residues in proteins may be prevented by the steric hindrance due to the secondary
structure of the protein. As many studies indicate that free amino acids are present in
human blood and plasma samples [155, 156, 159-161], the formation of free 2-alkenal
adducts that may result from free amino acid modification with biological aldehydes was

examined in a non-hydrolysed solution from the supernatant layer. Table 3-28 shows the

110



results for mass spectrometry detection of 2-alkenal adducts in the supernatant layer in
plasma samples from obese patients without a hydrolysis step. Figure 3.35 and Figure
3.36 show the MS detection for the derivatised 2-alkenal adducts (Cro-pyr-379 & Nne-

Lys-M adducts) in the supernatant layer of the plasma samples from obese patients.

Table 3-28: MS results for the derivatised 2-alkenals adducts in plasma samples from obese patients using
the EZ:faast method and RPLC-ESI-FTMS. These adducts had been recovered from the the supernantant
layer for the plasma samples after reduction and derivatisation steps (without hydrolysis step).

Adduct R control (min) | R¢(min) | Observed m/z | Intensity ppm | Sample I.D Status
2.66 379.25839 1.99E+04 | -0.744 | 13BBS40 | One Spike
2.69 379.25864 1.96E+04 | -0.494 12BAS40 One Spike
Cro-pyr-379 3.08 2.69 379.259 251E+04 | -1.134 5BAS40 2 Spikes
2.66 379.25946 2.37TE+04 | 0.326 6AAS40 3 Spikes
2.68 379.25925 1.66E+04 | 0.116 7ABS40 Significant
3.76 407.28983 5.72E+04 | -1.484 | 11BAS40 | Significant
3.76 407.29025 1.25E+05 | -0.453 12BAS40 | Significant
3.73 407.29022 1.26E+05 | -0.527 | 13BBS40 | Significant
3.74 407.29007 3.66E+04 | -0.895 2BAS40 Significant
3.73 407.29089 3.37E+04 | 1.118 3ABS40 Significant
Pne-pyr-407 3.56 3.74 407.28958 5.84E+04 | -2.098 4BBS40 Significant
3.74 407.28958 8.41E+04 | -2.098 5ABS40 Significant
3.8 407.28995 6.72E+04 | -1.19 6AAS40 Significant
3.71 407.28964 8.31E+04 | -1.951 7ABS40 Significant
3.82 407.29019 3.73E+04 | -0.601 | B8AAS40 | Significant
3.83 407.29083 2.24E+04 | 0.971 9BBS40 2 Spikes
5.78,6.11 417.33258 2.14E+04 | 0.672 10AAS40 One Spike
Nne-Lys-M 5.68, 6.29 5.78 417.33221 1.81E+04 | -0.214 | 12BAS40 | One Spike
5.65 417.33289 1.63E+04 | 1.415 9BBS40 One Spike

Alhamdani et al. [153] reported a very low level for different aldehydes: alkanals, 2-
alkenals and 4-hydroxy-2-alkenals in normal individuals as compared to uremic patients
[section 3.8]. The levels of such aldehydes were within the nM level. However, the
aldehyde levels indicated by Alhamdani et al. for control and uremic individuals are still
insufficient to produce a significant modification in the protein molecule sufficient for
detection by mass spectrometry. According to our research [section 3.8], full mass
spectrometry in the positive mode failed to detect any protein modification when the
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protein samples were incubated with 2-alkenals at a concentration below 5 mM. This
could be a possible justification for the inability to detect widespread 2-alkenal adducts
in the plasma samples from real patients. However, according to the current method it
was possible to observe some adducts. The lowest aldehyde concentration at which some
adducts could be detected by MS was still above the aldehyde level indicated by
Alhamdani et al.; an aldehyde concentration of 134 uM (11 ul of 5M aldehyde diluted
with 400 ul of protein solution) was the lowest aldehyde concentration, and below this

level the aldehydes failed to produce protein modification sufficient for MS detection.
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Figure 3.35: Full mass spectrometry in the positive mode for the derivatised Cro-pyr-379 lysine adduct in
plasma sample from obese patient using the EZ:faast method and RPLC-ESI-FTMS.
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Figure 3.36: Full mass spectrometry in the positive mode for the derivatised Nne-Lys-M adduct in plasma
sample from an obese patient using the EZ:faast method and RPLC-ESI-FTMS.
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4 CHAPTER FOUR: Results and Discussions for the
Analysis of 2-Alkenal Adducts using hydrophilic
interaction chromatography (HILIC) and Mass

Spectrometry
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4.1 Introduction

The detection of 2-alkenal adducts was in the first instance carried out using the
EZ:faast method extraction and derivatisation method. The derivatisation step
complicates the analysis and can produce multiple products since the amine & carboxyle
groups in these adducts were masked by derivatisation. Hence, new chromatographic
method was developed where 2-alkenal adducts could be chromatographed and detected

without the derivatisation process.

A new technology had been evolved during time based on using hydrophilic interaction
liquid chromatography. The original technology was based on bare silica gel; recently a
column based on the surface modification of silica gel with a zwitterionic moieties was
produce (ZIC-HILIC column from SeQuant) [89]. This column allows retention of
hydrophilic compounds without the need for the derivatisation step, which is required to

retain hydrophilic compounds on C-18 columns.
4.2 Aims

In this chapter the best extraction, separation and detection methods for non-
derivatised amino acids, as well as for non-derivatised 2-alkenal adducts were
investigated. In addition, MS? fragmentation for non-derivatised amino acids and 2-
alkenal adducts will be carried out. Limit of detection (LOD) and limit of quantification
(LOQ) for 2-alkenal adducts will also be established.

4.3 Optimisation of the Best Extraction Method for 2-Alkenal
Adducts

Exploring the best method for amino acids extraction was carried out by
investigating the different extraction methods described in section 2.5, such as solid
phase extraction (SPE), liquid-liquid extraction (LLE) and the protein precipitation
technique (PPT). Validation for these extraction methods was carried out using 2 types
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of amino acid mixture prepared according to the procedure described in section 2.2:
standard amino acids mixture (STD stock solution), and an acidified standard amino acid
mixture (acidified STD stock solution).

Investigating the best extraction method required examination for the chromatographic
and mass spectrometric conditions specified in section 2.5.4.

The mass spectrometric results for the amino acids standards revealed a number of facts.
Firstly, different amino acids had different retention times on the ZIC-HILIC column
due to differences in the physicochemical properties of these molecules. The elution of
amino acids using ZIC-HILIC is divided into 2 areas: area 1 & 2 (Figure 4.1).
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Figure 4.1: Amino acids elution ranges on a ZIC-HILIC column according to the specified
chromatographic conditions in section 2.5.4.

Area 1, starts from 8 min and finishes at about 12 min, and consists of the following
amino acids, arranged according to their elution time: homo-phenylalanine (I.S),
phenylalanine, leucine & iso-leucine, tryptophan, methionine, methionine-d3 (I.S),
valine, tyrosine, proline, alanine, glutamic acid, 4-hydroxy-proline, threonine, asparatic

acid, glycine, and serine. Area 2 starts at about 17 min and finishes at about 21 min, and
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consists of the following amino acids, arranged according to their elution time: cystine,

histidine, homo-arginine (1.S), arginine, lysine, and hydroxy-lysine.

For validation purposes, the internal standard (MET-d3) was used as a reference to
obtain response factor for the amino acids in area 1, whereas the internal standard
(HARG) used for the amino acids in area 2.

Early trials on the ZIC-HILIC column using amino acids mixtures revealed the second
fact related to amino acids separation and detection by LC-MS. Long isocratic stage (ca.
20 min) of the elution program is a key factor in removing any remaining compounds in
ZIC-HILIC column. A carry over test for amino acids standards analysed on ZIC-HILIC
column without the isocratic stage shows trace amounts of a certain amino acids after 3
subsequent injections. To solve this problem, a blank sample was run in-between runs in

addition to a long isocratic time (ca. 20 min).

Different mechanisms have been proposed for amino acid retention on the ZIC-HILIC
column. A partitioning mechanism is the first proposed mechanism for amino acids
separation according to their solubility within the aqueous layer generated around the
matrix of ZIC-HILIC column, leading to different retention times for different polar
compounds according to their partition coefficient between water and acetonitrile. Due
to the slightly acidic conditions of the STD amino acid stock solutions, most of the
amino acids were present as zwitterions. So, their retention times could be attributed to
electrostatic interaction with negatively charged sulfonate or positively charged
quaternary amine groups of the ZIC-HILIC column surface ligand, in addition to the

partitioning mechanism.

It is quite difficult to predict the behaviour of the molecules (regarding separation and
retention) on the ZIC-HILIC column. However, certain factors can be used to predict the
behaviour of these molecules such as hydrophilicity & polarity of the compounds, the
acidity and basicity of the compounds, the number of ionising groups, solvent system

and solvent strength.
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The partitioning mechanism of the column depends on an initial column conditioning
with enough water containing mobile phase to generate the aqueous layer within ZIC-
HILIC matrix. Partitioning coefficient (log P) gives an indication about the
hydrophilicity of the compounds, as the hydrophilicity of the compounds increases as
the Log P decreases. Table 4-1 shows the retention time for amino acids arranged
according to their elution from a ZIC-HILIC column, together with different

experimental and theoretical log P values obtained from different sources.

Table 4-1: Retention times for different amino acids on the ZIC-HILIC column coupled to ESI-FTMS.
Different experimental and theoretical log P values have been included for comparison[162].

Predicted Pregi;ted
results obtained from http://www.hmdb.ca/ Experimental ALg}(/;PS I_:’ubChem
via XLOGP
: : 3 One- R Side Chain Sidg (_:hain
Amino acids letter Letter con_trol Polarity Amd{t){ or Log P Log P Log P
Code Code (min) Basicity
Phenylalanine Phe F 8.68 nonpolar neutral -1.38 -1.35 -1.4
Leucine Leu L 8.98 nonpolar neutral -1.52 -1.82 -14
Iso-leucine lle | 9.31 nonpolar neutral -1.7 -1.73 -1.6
Tryptophan Trp wW 9.25 nonpolar neutral -1.06 -11 -1.3
Methionine Met M 10.01 nonpolar neutral -1.87 -1.85 -1.9
Valine Val \ 10.58 nonpolar neutral -2.26 -2.29 -2.2
Tyrosine Tyr Y 10.79 polar neutral -2.26 -2.39 -1.8
Proline Pro P 11.77 nonpolar neutral -2.54 -2.71 -2.4
Alanine Ala A 12.25 nonpolar neutral -2.85 -3.05 -2.8
Glutamic acid Glu E 12.55 polar acidic -3.69 -3.54 -3.3
4-hydroxyproline 12.70 polar neutral -3.17 -3.31 -3.4
Threonine Thr T 13.07 polar neutral -2.94 -3.01 -35
Aspartic acid Asp D 13.42 polar acidic -3.89 -3.52 -3.7
Glycine Gly G 13.86 nonpolar neutral N/A N/A N/A
Serine Ser S 14.01 polar neutral -3.07 -3.42 -4
Cystine 17.47 polar basic -5.08 -3.16 -5.5
Histidine His H 18.77 polar basic -3.32 -2.67 -3.4
Arginine Arg R 19.41 polar basic -4.2 -3.6 -3.87
Lysine Lys K 19.69 polar basic -3.05 -3.76 -2.9
Hydroxylysine 20.34 polar basic N/A -4 -3.77
Cysteine Cys C N/A polar neutral -2.49 -2.57 -2.6
Asparagine Asn N N/A polar neutral -3.82 -3.36 -4.4
Glutamine GlIn Q N/A polar neutral -3.64 -3.32 -4.1
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The separation of the amino acids on ZIC-HILIC column may be influenced by the side
chain of the amino acids. lonised amino acids, which carry a net positive or negative
charge, may undergo electrostatic interaction with  ionised groups (sulfonate or
quaternary amine group) of ZIC-HILIC column. The electrostatic interaction between
the negatively charged sulfonate group of the ZIC-HILIC matrix and the positively
charged amino acids, which contain additional basic groups in the side chain, is much
stronger than the interaction of the quaternary amine group of the ZIC-HILIC matrix
with the negatively charged amino acids which contain additional acidic groups in the
side chain as indicated by their relative retention time on ZIC-HILIC column. Neutral
amino acids which are in their zwitterions form still subject to a partitioning mechanism

rather than electrostatic interaction.

A critical solvent combination is required for the mobile phase system to produce
solvent strength enough to initiate amino acids elution in areas 1 and 2 (Figure 4.1);
point (a) represents a mobile phase combination of 30% H,O: 70% ACN which
produces enough strength to elute amino acids in area 1 out of the aqueous layer of ZIC-
HILIC column. Whereas, point (b) represents a mobile phase combination of 51% H,O:
49% ACN which produces enough solvent strength to elute amino acids in area 2 out of
ZIC-HILIC column. The separation of the amino acids in area 1 seems to be as a result
of partitioning mechanism, as the elution of the amino acids is according to the increase
in the hydrophilicity of the compounds (Table 4-1). Furthermore, there is no specific
pattern for the separation of these amino acids according to their side chains (Figure
4.2).

In general, most of amino acids in eluted in area 1 have a neutral side chain, with the
exception of glutamic and aspartic acid which have acidic side chains (see the physico-
chemical properties of amino acids in Table 4-1. The elution of amino acids in area 2 is
at a much longer retention time compared to the elution of the amino acids in area 1.
This suggests that these amino acids (cystine, histidine, arginine, lysine and
hydroxylysine) undergo a different separation mechanism on ZIC-HILIC column other
than the partitioning mechanism. All the amino acids in area 2 (with the exception of
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cystine which is formed from two cysteine molecules and thus has two amine groups
and two carboxyl groups) have basic group in their side chains (Figure 4.2 & Table 4-1).
This confirms the ability of these amino acids to interact with the sulfonate group of
ZIC-HILIC matrix through electro-static interaction rather than a partitioning
mechanism, leading to a longer retention time for these amino acids in comparison to the

amino acids in area 1.
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o
o CH3 o H
= N
oH HiC H;C A
OH OH
NH
2 CH;  NH, NH, NH:
phenylalanine Leucine Iso-leucine
(o]
o CH;3 [e] OH
(o]
S OH
Hye” OH H,C OH Tryptophan
NH,
NH, NH, HO
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o o o o o
HiC
OH OH  HO OH o OH
NH NH, NH, NH
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HO. o
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NH, o o NH o
o L N I
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Figure 4.2: Amino acids listed according to their elution time from ZIC-HILIC column into area 1 and
area 2.
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Table 4-2: Average peak area for amino acids using different extraction methods. The results obtained by
using ZIC-HILIC coupled to ESI-FTMS. Number of samples=3

LIQ-LIQ-
. LIQ-LIQ- STD 0.1% Isolute Isolute Strata

B P Ch'%"for Heptane HCl SAX scx scx

Mean Mean Mean Mean Mean Mean Mean Mean

Amino acids Peak Peak Peak Area Peak Peak Peak Peak Peak
Area Area Area Area Area Area Area

Phenylalanine 1.50E+09 | 2.08E+09 1.20E+08 1.84E+09 1.91E+09 | 1.21E+09 | 1.96E+09 | 1.13E+09

LEU, ILE 3.50E+09 | 4.63E+09 | 1.61E+09 | 4.06E+09 4.42E+09 | 2.81E+09 | 4.64E+09 | 1.30E+09

Tryptophan 1.03E+09 | 1.02E+09 0.00E+00 1.15E+09 1.22E+09 | 7.49E+08 | 1.25E+09 | 1.18E+09

Methionine 8.22E+08 | 1.03E+09 | 0.00E+00 | 9.70E+08 1.00E+09 | 6.54E+08 | 1.06E+09 | 1.31E+08

Valine 9.32E+08 | 1.19E+09 3.16E+08 1.05E+09 1.10E+09 | 6.99E+08 | 9.51E+08 | 2.07E+08
Tyrosine 6.95E+08 | 9.21E+08 | 0.00E+00 | 7.86E+08 8.39E+08 | 5.23E+08 | 6.98E+08 | 2.39E+08
Proline 4.56E+08 | 4.56E+08 4.12E+08 4.42E+08 4.41E+08 | 2.63E+08 | 4.03E+08 | 6.25E+07
Alanine 8.94E+07 | 8.43E+07 | 4.64E+07 | 9.66E+07 9.25E+07 | 6.09E+07 | 1.53E+08 | 2.38E+07

Glutamic acid 1.58E+08 | 1.71E+08 1.07E+07 1.64E+08 1.75E+08 | 1.24E+08 | 2.61E+08 | 4.91E+07

4-

. 1.41E+08 | 1.40E+08 | 8.51E+07 | 1.42E+08
hydroxyproline

144E+08 | 1.11E+08 | 2.74E+08 | 4.58E+07

Threonine 7.73E+07 | 6.91E+07 0.00E+00 7.28E+07 7.55E+07 | 5.91E+07 | 1.82E+08 | 3.23E+07

Aspartic acid 491E+07 | 1.28E+08 | 0.00E+00 | 4.70E+07 4.34E+07 | 1.85E+07 | 1.16E+07 | 8.43E+06

Serine 3.81E+07 | 3.63E+07 | 4.20E+06 | 4.49E+07 3.74E+07 | 4.46E+07 | 1.54E+06 | 2.27E+05
Glycine 1.44E+07 | 2.38E+07 0.00E+00 1.45E+07 1.42E+07 | 4.10E+06 | 1.05E+06 | 7.59E+05
Cystine 1.83E+08 | 2.08E+08 3.85E+05 1.88E+08 191E+08 | 1.17E+08 | 1.51E+08 | 1.36E+07
Histidine 2.78E+08 | 2.76E+08 5.04E+05 2.84E+08 2.96E+08 | 1.71E+08 | 2.16E+08 | 3.50E+07

Arginine 2.72E+08 | 3.14E+08 1.44E+07 2.82E+08 2.88E+08 | 1.79E+08 | 1.25E+07 | 3.79E+07

Lysine 1.42E+08 | 1.76E+08 2.01E+07 1.62E+08 152E+08 | 1.07E+08 | 9.66E+07 | 2.03E+07

Hydroxylysine 2.09E+08 | 2.39E+08 1.45E+07 | 2.36E+08 2.44E+08 | 1.42E+08 | 1.59E+08 | 2.78E+07

Total

. 1.06E+10 | 1.32E+10 2.65E+09 1.20E+10
Summation

1.27E+10 | 8.04E+09 | 1.25E+10 | 4.55E+09
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Investigation of different extraction methods described in section 2.5 was carried out.
Table 4-2 shows the average peak area for amino acids extracted by the different
extraction methods, protein precipitation technique (PPT-ACN), liquid-liquid extraction
(LIQ-LIQ), and solid phase extraction (SPE). The results represent the average for 3
samples prepared by each extraction method using the STD amino acid solution
prepared according to the procedure described in section 2.2. Exploring the best
extraction method for amino acids requires exploring the affinity of each extraction
method for individual amino acid extraction. A comparison between different extraction
methods was carried by considering the total peak area summation for the total amino
acids (listed in Table 4-2 and Figure 4.3).

Comparison Between Different Extraction Methods for Amino Acids
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Figure 4.3: Average peak area summation for the total amino acids extracted by different extraction
methods. The results obtained by using ZIC-HILIC coupled to ESI-FTMS. Number of samples=3.

By comparing the results obtained in Table 4-2 & Figure 4.3, protein precipitation
technique (PPT-ACN) and LIQ-LIQ extraction with heptane show high recovery for the
amino acids extraction. Whereas, solid phase extraction (SPE) using an Isolute-SCX
cartridge shows good recovery for the amino acids extraction as compared to other SPE
cartridges from different sources. Other extraction methods show very high percentages
of amino acid loss during the extraction process. Since the research project is focused on

the extraction and detection of ALEs and AGEs which are modified amino acids (mainly
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lysine, arginine, and histidine amino acids), then validating the affinity of these
extraction methods to extract these 3 amino acids was a crucial point in this project.
Figure 4.4 shows the extraction of lysine, arginine, and histidine using PPT-ACN, LIQ-
LIQ heptane, and the Isolute-SCX method, as compared to standards, using 3 repeated
samples for each extraction method. Isolute-SCX shows a maximum loss of arginine
amino acid and thus was excluded from validation, whereas PPT-ACN and LIQ-LIQ
heptane methods show the optimum conditions for these amino acids extraction.

H Lysine Amino Acids H Arginine Amino Acid i Histidine Amino Acid

350000000

300000000

250000000 -

200000000 -|

150000000 -

100000000 -

Average Peak Area

50000000 -|

0 -
STD STD PPT-CH3CN STD LIQ-LIQ- STD 0.1% HCI Isolute SCX

Reference Heptane Reference

Sample Sample
Extraction method P

Figure 4.4: Best extraction methods for lysine, arginine, and histidine as compared to standard solutions.
The results obtained by using ZIC-HILIC coupled to ESI-FTMS. Number of samples=3.

The next step was to validate these methods for ALEs product extraction. Figure 4.5
shows the affinity of different extraction methods for ALEs extraction using protein
samples (HSA) incubated with 2-hexenal aldehyde. Production and hydrolysis of ALEs
samples was carried out according to the procedure described in section 2.3 and the
analysis was repeated 3 times. PPT-ACN shows the highest percentage of ALEs
recovery as compared to the other methods, while LIQ-LIQ heptane shows the lowest
recovery for such modified amino acids. Examination of different protein samples which
had been incubated with different aldehydes (acrolein, crotanaldehyde, 2-pentenal, 2-
heptenal, 2-nonenal, and HNE) showed the same behaviour for the extraction of the

amino acids which had been modified with 2-hexenal aldehyde when LIQ-LIQ
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extraction with heptane was used as an extraction method. Hence, LIQ-LIQ heptane was
also excluded from validation process. Further validation focused on PPT-ACN as the

best extraction method for both amino acids and the modified amino acids.
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Figure 4.5: Recovery of ALEs products using different extraction methods (PPT-ACN, LIQ-LIQ heptane,
and Isolute-SCX). The results obtained by using ZIC-HILIC coupled to ESI-FTMS. Number of
samples=3.

Table 4.3 shows the response factors for individual amino acids relative to the internal
standard amino acids (MET-d3 & HARG) following different extraction procedures.
The extraction method using Isolute-SCX shows a huge difference in the total response
factor summation for the total amino acids that results from poor recovery for the
internal standard (HARG) leading to a theoretical high response factor as compared to

standard amino acids solution without extraction.
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Table 4-3: Comparison between different extraction methods according to the average response factor for
each amino acid. Response factor= peak area for amino acid/ peak area for internal standard). Amino acids
with green color are from the same chromatographic area (areal) and have been compared to MET-d3 as
internal standard, while amino acids in red color are from he same chromatographic area (area 2) and have
been comapred to HARG as internal standard. The results obtained by using ZIC-HILIC coupled to ESI-
FTMS. Number of samples=3.

STD PPT-ACN LIQ-LIQ- LIQ-LIQ- SIE/?, Isolute Isolute Strata

Stock Chloroform | Heptane HCl SAX SCX SCX

Amino acids Mean Mean Mean Mean Mean Mean Mean Mean
Phenylalanine 1.870 2.004 0.000 1.912 1.871 1.885 1.855 8.832
LEU, ILE 4.307 4.458 0.000 4.222 4.339 4.367 4.401 10.147
Tryptophan 1.284 0.992 0.000 1.207 1.195 1.164 1.186 9.246
Methionine 1.008 0.996 0.000 1.006 0.982 1.018 1.013 1.023
Valine 1.167 1.164 0.000 1.104 1.079 1.087 0.917 1.616
Tyrosine 0.862 0.900 0.000 0.824 0.823 0.815 0.674 1.869
Proline 0.582 0.460 0.000 0.477 0.434 0.408 0.375 0.490
Alanine 0.113 0.074 0.000 0.104 0.091 0.095 0.146 0.185
Glutamic acid 0.197 0.169 0.000 0.173 0.172 0.193 0.253 0.383
4-hydroxyproline 0.177 0.142 0.000 0.151 0.142 0.173 0.261 0.358
Threonine 0.097 0.070 0.000 0.078 0.074 0.092 0.175 0.252
Aspartic acid 0.061 0.128 0.000 0.050 0.043 0.029 0.012 0.065
Serine 0.050 0.037 0.000 0.050 0.037 0.070 0.001 0.002
Glycine 0.019 0.025 0.000 0.016 0.014 0.006 0.001 0.006
Cystine 0.752 0.790 0.011 0.766 0.752 0.828 25.014 0.469
Histidine 1.115 1.050 0.014 1.138 1.167 1.197 35.928 1.113
Arginine 1.093 1.165 0.412 1.130 1.139 1.268 2.009 1.197
Lysine 0.581 0.650 0.574 0.649 0.602 0.757 15.983 0.650
Hydroxylysine 0.839 0.874 0.413 0.940 0.965 1.005 26.446 0.889
Total Summation 16.173 16.147 1.425 15.998 15.921 16.456 116.650 38.792

4.4 Validation of the Extraction and Detection Methods for Amio
Acids Using HILIC-FTMS

The next step in this project was to validate the extraction method using a ZIC-
HILIC column interfaced with high resolution mass spectrometer according to the
parameters specified in section 2.5.4. The validation process examined the specificity,
precision, linearity & range for amino acids extraction using the PPT-ACN method, and
detected using ZIC-HILIC-FTMS. Validation for the analytical method was carried in
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accordance with the ICH protocols [127-129], which involve specificity, repeatability,
linearity and range.

4.4.1 Specificity of the ZIC-HILIC Column for Amino Acids Separation

Maria et al. [130] have defined specificity as the ability of the detection method to
detect compound (s) of interest in the presence of other components in the mixture.
Maria et al. considered retention time stability between an amino acid standard mixture
and BSA hydrolysate as an indicator for the specificity of the analytical method. A

relative standard deviation within 3% was acceptable [130].

ZIC-HILIC column showed good stability for amino acid retention and good selectivity
as indicated by the ability of the column to separate the amino acids isomers leucine and

isoleucine which were 85% resolved (Figure 4.6).
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Figure 4.6: Leucine and isoleucine amino acids isomers separation on ZIC-HILIC column and detected by
ESI-FTMS.

Table 4-4 shows an evaluation of the ability of the ZIC-HILIC column to retain and
separate amino acids in the presence of impurities that may result from HSA protein
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hydrolysis. These impurities could be peptides, proteins, lipids & phospholipids’

molecules.

Table 4-4: Evaluation of ZIC-HILIC specificity by comparing retention time for different amino acids
between amino acids standards mixture and HSA hydrolysate. The results obtained by using ZIC-HILIC
coupled to ESI-FTMS. Number of samples=6 for each.

HSA hydrolysate, n=6

aninopciss | Ve | STOEWA | Mo | S | R | oy ARSI
Phenylalanine 8.61 0.03 8.70 0.03 8.66 0.06 0.70
L eucine, Iso-leucine 8.90 0.02 9.00 0.01 8.95 0.07 0.75
9.23 0.01 9.32 0.01 9.28 0.06 0.65
Tryptophan 9.20 0.04 9.29 0.04 9.24 0.07 0.72
Methionine 9.95 0.01 10.03 0.02 9.99 0.05 0.55
Valine 10.51 0.01 10.58 0.03 10.55 0.05 0.51
Tyrosine 10.75 0.01 10.83 0.01 10.79 0.06 0.55
Proline 11.71 0.01 11.79 0.04 11.75 0.06 0.49
Alanine 12.20 0.04 12.28 0.01 12.24 0.05 0.44
Glutamic acid 12.48 0.15 12.60 0.13 12.54 0.08 0.65
4-hydroxyproline 12.61 0.09 12.69 0.09 12.65 0.05 0.43
Threonine 13.02 0.03 13.10 0.02 13.06 0.06 0.43
Aspartic acid 13.38 0.03 13.48 0.04 13.43 0.07 0.51
Glycine 13.79 0.02 13.88 0.02 13.84 0.06 0.45
Serine 13.97 0.01 14.06 0.01 14.01 0.06 0.46
Cystine 17.42 0.03 17.51 0.03 17.47 0.06 0.36
Histidine 18.70 0.03 18.78 0.04 18.74 0.06 0.31
Arginine 19.33 0.03 19.41 0.04 19.37 0.06 0.30
Lysine 19.60 0.02 19.71 0.02 19.65 0.07 0.37
Hydroxylysine 20.29 0.03 20.37 0.03 20.33 0.06 0.28
Homoarginine 18.70 0.03 18.81 0.03 18.76 0.08 0.41
Methionine D3 9.95 0.01 10.04 0.01 9.99 0.06 0.61
Homophenylalanine 7.82 0.03 7.89 0.00 7.86 0.05 0.65

Samples for amino acids standard solution was prepared according to the procedure for

the STD stock solution described in section 2.2. Preparation and hydrolysis of HSA

protein samples was done according to the procedure mentioned in 0 2.3 and then

subject to the PPT procedure [section 2.5.3]. Detection of the amino acids was carried

using a ZIC-HILIC column interfaced to ESI-FTMS according to the conditions

specified in section 2.5.4. The ZIC-HILIC column shows high specificity for amino

acids in the presence of other impurities as indicated by retention time stability for
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amino acids between amino acids standard solution and the HSA hydrolysate (RSD%
less than 0.75%). The sample analyses were repeated 6 times for each amino acid
standard solution and HSA hydrolysate.

Also the stability of the retention times of the amino acids on the ZIC-HILIC column
was examined by continuous running of amino acids standard sample over 45 hrs. The
RSD was less than 0.87% (Table 4-5).

Table 4-5: Retention time stability for amino acids on a ZIC-HILIC column over 45 hrs of continuous
running for the amino acids standard mixture. The results obtained by using ZIC-HILIC coupled to ESI-

FTMS.
AT EET Mean STDEVA AT aeiE Mean STDEVA
(min) (min) (min) (min)
Phenylalanine 8.68 0.06 0.69 Aspartic acid 13.42 0.05 0.38
Leucine, Iso- 8.98 0.06 0.72 Glycine 13.86 0.05 0.38
leucine 9.31 0.08 0.86 Serine 14.01 0.05 0.33
Tryptophan 9.25 0.05 0.51 Cystine 17.47 0.04 0.25
Methionine 10.01 0.06 0.55 Histidine 18.77 0.06 0.33
Valine 10.58 0.07 0.64 Arginine 19.41 0.08 0.41
Tyrosine 10.79 0.04 0.39 Lysine 19.69 0.08 0.39
Proline 11.77 0.06 0.48 Hydroxylysine 20.34 0.05 0.25
Alanine 12.25 0.05 0.37 Homophenylalanine 7.87 0.05 0.62
Glutamic acid 12.55 0.06 0.47 Methionine-d3 10.02 0.06 0.57
h 4 . 12.7 0.09 0.73 Homoarginine 18.8 0.1 0.51
ydroxyproline
Threonine 13.07 0.05 0.38

4.4.2 Linearity and Range for PPT Method

According to the ICH guidelines [127], linearity and range should be investigated
by running 5 concentration points with a minimum of 3 replicates for each
concentration. The linearity of the test is indicated by an R? value which should be
greater than 0.985 [127, 130]. Since the research project was focused on detecting ALEs
compounds which have very low concentrations in the biological systems, the range to
examine the linearity of this method was chosen to be within the nmol range for all the

amino acids.
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A dilution series for amino acids mixture was prepared to examine the linearity of the
method over a concentration of 7-30 nmol/ml (equivalent to 11- 40 ng on column). Five
calibration levels have been examined across the specified range with each calibration
level being repeated 3 times. A solution of 40 nmol/ml was prepared by diluting 800 pl
of amino acids STD from the EZ:faast kit (contains 200 nmol/ml of each amino acid) to

4 ml with HPLC grade water. The solution was assigned as the STD stock solution.

A series of diluted standard samples were prepared for filtration using the PPT method.
Iml of ACN was added to 9 PPT filters and labels them as 50, 75, 80, 100, 120, 125,
150, 175, and 200%. Leave for about 5 min and then spike 75, 112.5, 120, 150, 180,
187.5, 225, 262.5, and 300 pul of the STD stock solution to the 50, 75, 80, 100, 120, 125,
150, 175, and 200% PPT array cartridges, respectively (Table 4-6). Finally, add 100 pl
of I.S (reagent 1 from the EZ:faast kit) to each PPT array cartridge in order to use it as a

reference compounds to obtain the response factor for each amino acid.

Vacuum manifold operating at 10mmHg was used to start the process of filtration.
Collect the eluant and evaporate till dryness using dry-block at 50°c and slight nitrogen
stream. Re-dissolve again in 400 ul of HPLC grade water. A concentration of 7.5, 11.25,
12, 15, 18, 18.75, 22.5, 26.25, and 30 nmol/ml of each amino acid would be expected for
50, 75, 80, 100, 120, 125, 150, 175, and 200%, respectively, after filtration process with
PPT method.

The ZIC-HILIC column coupled to FTMS was used as the separation and detection
method according to the conditions and parameters specified in section 2.5.4. The large
amount of data generated by mass spectrometry was analysed using the SIEVE 1.2
software which is a multi-variants analysis tool for processing the data obtained from
mass spectrometry [section 1.7]. The SIEVE 1.2 software provided retention time and

intensity for all the amino acids.

Homoarginine with the mass of 189.13 amu was used as the IS for lysine, arginine, and

histidine amino acids, these amino acids represent the main target for amino acids
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modification when incubated with 2-alkenal aldehydes. Table 4-7 shows the average
response factor of lysine, arginine, and histidine amino acids obtained from 3 replicates
for each calibration level.

Table 4-6: Preparation of a dilution series to investigate linearity and range for the PPT method followed
by detection with ZIC-HILIC-FTMS.

Dilution Step Conc.(z;%rlr}:::lc; acids Vol. (ul) from the 200% STD to be spiked into PPT (\:gﬂc(g:‘)g{)(;ﬁr\r'lvcl)?/]rrﬁ

50% 7.5 75

75% 11.25 112.5

80% 12 120

100% 15 150

120% 18 180 100

125% 18.75 187.5

150% 225 225

175% 26.25 262.5

200% 30 300

Calibration curves were constructed for different amino acids according to the average
response factor for each amino acid obtained by the SIEVE software for each calibration
point. Figure 4.7 shows the calibration curves for lysine, arginine and histidine amino
acids which all have R? values >0.985. The other amino acids showed a sufficient
linearity indicated by R? values ranging between 0.9900 and 0.9994 (Table 4-8).

Thus, the PPT method was suitable for precise and accurate detection of amino acids, in
the specified range. Furthermore, the high specificity and selectivity of this method
suggest a promising application of this method for modified amino acids even at very

low concentrations.
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Table 4-7: Average response factors for Lys, His, and Arg amino acids obtained by ZIC-HILIC coupled
to ESI-FTMS detection. Response factor = AA intensity / IS intensity (homoarginine has been used as
internal standard to obtain the response factor for Lys, His, and Arg amino acids as it has the same
retention time). Number of samples=3 repeated samples with a RSD < 6%. Concentration of IS added=
200 nmol/ml.

AA Conc. (nmol/ml) 7.5 . . 225 26.25

Lysine Response Factor

Histidine Response Factor

Arginine Response Factor

Calibration Curves

0.45

_~® rR?=0.9944

0.4 /
0.35 /
03

o
B R?=0.9973
< 025
"é 0.2 # arginine
S . 2
E 015 / R7=0.9955  , Histidine
‘/ M lysine
0.1
0.05
0 T T T T T 1
0 5 10 15 20 25 30

Amino Acid Concentration in the Amino Acids Mixture (nmol/ml)

Figure 4.7: Calibration curves for lysine, arginine and histidine amino acids constructed over 6 calibration
points at 7.5, 11.25, 15, 18.75, 22.5, and 26.25 nmol/ml. The results obtained by using ZIC-HILIC
coupled to ESI-FTMS.

Table 4-8: R? values for different amino acids according to the response (peak area dor amino
acid/peak area for the I.S) over the range 7.5-26.25 nmol/ml. The results obtained by using ZIC-HILIC
coupled to ESI-FTMS and the data analysed by the SIEVE software.

Amino acids R2 Amino acids R2
Phenylalanine 0.9953 Glutamic acid 0.9982

Leucine, Iso-leucine 0.9976 4-hydroxyproline 0.99
Tryptophan 0.9958 Aspartic acid 0.9982
Methionine 0.9987 Glycine 0.9976
Valine 0.9951 Serine 0.9981
Tyrosine 0.9975 Cystine 0.9994
Proline 0.9973 Hydroxylysine 0.9988

Alanine 0.9985
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4.5 Structure Elucidation for Amino Acids

MS? fragmentation in mass spectrometry is a potential feature that can be used for
structure elucidation, or to confirm the identity of the compounds in more complex
matrices, according to the information gathered from the resulting fragment ions. MS?
spectra generated by an Orbitrap are cleaner than those obtained by low resolution mass
spectrometry due to high resolution, accurate mass measurement, and the powerful
image current detector of the Orbitrap [121]. The amino acids STD stock solution was
used to explore fragmentation pathways for amino acids using the ZIC-HILIC column
coupled to FTMS. Separation and detection of amino acids were carried out according to
the conditions and parameter specified in section 2.5.4, with the exception of the mass
range which had been reduced to 50-400 m/z . Such narrow mass range can help in
excluding interfering compounds leading to better full scan MS and MS/MS detection.
Data dependent acquisition fragmentation was operated simultaneously with full scan
mass spectrometry (both of them are operating in the positive mode). Hence, full scan

and MS? data can be obtained for any single injection at the same time [section 2.5.4.1].

MS? spectrometry in the positive polarity mode was used for each individual amino acid
with a mass window (1 amu) in order to remove any interfering compounds. CID energy
of 35% was used as fragmentation energy, and the mass range for the product ion was
automatically assigned by the Q value for MS/MS parameter, which was set at 0.250
which means that product ions till ¥ of mass of the precursor ion could be detected. The
MS? results for amino acid fragmentation obtained by the Orbitrap using data dependent
acquisition mode are shown inTable 6-16. Different fragments could be observed for
each amino acid, and the most abundant fragment was reported in the same table. The
difference between the mass for the precursor ion and the produced fragment had been
assigned as “Mass Loss”. All the fragments were within 2 ppm deviation from the

expected masses.

Some of the amino acids show extensive fragmentation such as phenylalanine,

tryptophan, arginine, and hydroxyl-lysine, whereas other amino acids failed to show any
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fragmentation e.g. alanine. Little fragmentation data can be explained by low intensity of
the amino acid that may result from ionic suppression due to co-eluted compounds, such
as electrolytes and charged molecules, which compete for the charge in the droplets
during ESI step [163]; ion suppression phenomenon plays a negative role in the
ionisation state of the molecule. By correlating mass loss with the changes in the
elemental formulas of the precursor and fragment ions, 2 pathways could be predicted

for amino acids fragmentation: a general pathway and a specific pathway.
4.5.1 General Pathways

According to the MS? data shown inTable 6-16, general pathways involve the loss
of a specific mass which is common to all amino acids. An amino acid may eliminate a
single group from its structure such as ammonia (NHs, 17 amu), water (H,O, 18 amu),
formic acid (HCOOH, 46 amu), carbon or dioxide (CO,, 44 amu) molecule, or it may
eliminate a combination of more than one group such as loss of 64 amu that results from
consecutive loss of H,O and HCOOH molecules from the molecular ion (Table 4-9).
Many studies confirm elimination of NH;, H,O [113, 146, 164-167], HCOOH [146,
165], and CO, [146, 166, 168-170] molecules from the precursor ion during MS?
fragmentation. Mechanistic pathways have been proposed in Scheme 4-1 to explain the
generation of different fragmentation patterns of amino acids during ESI-MS/MS. For
example, lysine shows 3 main fragments at 130, 129, and 84 m/z which represent
elimination of NH; (17 amu), H,O (18 amu), or a consecutive elimination of NH3; and

HCOOH (63 amu) groups from the molecular ion (Figure 4.8).

Table 4-9: Fixed mass losses from amino acid precursorions during MS? fragmentation using data
dependent acquisition mode with ESI-CID-FTMS/MS.

Mass Loss (m/z) Represent Amino Acid
17 m/z Loss of NH3
18 m/z Loss of H,0
35m/z Loss of NH; and H,O
46 m/z Loss of HCOOH All Amino Acids
61m/z Loss of NH; and CO,
63 m/z Loss of NH; and HCOOH
64 m/z Loss of H,0 and HCOOH

Note: Usually a combination of 2 or 3 fragments can be observed
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o
SN - HCOOH - NHj Losing of terminal
R <« R OH —(——> .
- 46 amu -17 amu amine group (other than
NH,* NH* alph-amine group) in the
Amino Acid form of ammonia (NH3)
Chemical Formula: C,H;N" Chemical Formula: C;H,NO,*
Exact Mass: 43.04165 Exact Mass: 89.04713
-CO, -H,0
- 44 amu - 18 amu
T) OR )0 OR (o)
R/ﬁ R/\‘) R/\‘) R/\H)
NH;* NH;* NH;* NH,*
Chemical Formula: C,H,N* Chemical Formula: C;H;NO*
Exact Mass: 45.05730 Exact Mass: 71.03657

Scheme 4-1: Possible fragmentation pattern for amino acids in MS? spectrometry using data dependent
acquisition mode with ESI-CID-FTMS/MS.

HSA #498 RT:19.66 AV:1 NL:1.37E5
F: FTMS +c ESI d Full ms2147.11@cid35.00[50.00-160.00] 130,00

1L gH1202Ny

129,10
1 gH1301N2

Relative Abundance

84.08
1L 5H1oN
102.52 11093 114.12 124.90
H10gN; 1X6H14N2 12 1H;107

I O T AT
85 90 95 100 105 110 115 12'0 12'5
m/z

Figure 4.8: MS? spectra for lysine amino acid during data dependent acquisition mode with ESI-CID-
FTMS/MS.
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4.5.2 Specific Pathways

Amino acids may undergo normal fragmentation according to the general

pathways by eliminating certain groups from the main precursor ions leading to the

formation of specific fragments such as carbocation or sulphonium ion. In addition to

the general fragment losses from amino acids there are a number of specific types of

fragmentation occurring with certain amino acids. These include o,p- cleavage, various

re-arrangements, hydroxylation, and oxidative deamination reactions. Table 4-10 shows

some examples of specific fragmentation pathways.

Table 4-10: Specific fragmentation pathways for amino acids obtained by using data dependent
acquisition fragmentation with ESI-CID-FTMS/MS.

Mass Losii
Fragmentation Represent Amino Acid ass tosing
(m/z)
I R
Carbocation Formation By losing the only ionisable amine group
Methionine 48 m/z
Normal Alpha-Beta Cleavage Tryptophan 59 m/z
Alpha-Beta Cleavage Alpha-Beta Cleavage with loss of CH3COOH Aspartic Acid 60 m/z
Alpha-Beta Cleavage leading to ionised imidazole Histidine 73 m/z
group only
) ) . Phenylalanine and
Tropylium lon Formation Hydroxylation and re-arrangement . 59 m/z
Tyrosine
Losi fH H foll idati
osing o COQ _° owed F)y oxidative Pflilie 45 m/z
deamination reaction
Specific Arginine . g -
- Losing of the guanidine group Arginine 59 m/z
Formation of ionised guanidine group Arginine 115 m/z

4.5.2.1 Carbocation Formation

Fragmentation patterns for amino acids which follow the general pathways may

lead to the loss of the only ionisable group in the molecule, such as N, S, or O leaving

the positive charge on the carbon atom. For example, MS? fragmentation for valine

amino acid shows a fragment at m/z 72 and a minor fragment at m/z 55 (Figure 4.9). A
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possible fragmentation pathway is shown in Scheme 4-2 which is consistent with the
elemental composition for the fragments obtained by high resolution MS. Fragment at
m/z 72 results from elimination of HCOOH from the main structure as a neutral loss.
The fragment at m/z 72 undergoes a further elimination of NH3 from its structure by
heterolytic cleavage of C-N bond and positive charge migration from N to C leading to

formation of stable and detectable carbocation fragment at m/z 55.

test4-dependantscanfragmentation #262 RT:10.41 AV: 1 NL:2.01E6

F: FTMS +c ESI d Full ms2 118.09@cid35.00 [50.00-130.00] 72.08060

C4H10N
6.0
5.5
5.0
4.5
@
(&}
% 4.0
=}
S 35
<
o 30
=
T 25
T
X 2o
1.5 55.05405
56.82242 64.88733 70.73642 78.89367
X 60.64589 H O.4  67.55254 74.47514 HO,N 84.73563
'II‘Il‘ll 'I T T II' II } 'I . 'III I
55 60 65 70 75 80 85
m/z
Figure 4.9: MS? spectrum for valine amino acid during data dependent acquisition mode with ESI-CID-
FTMS/MS.
CH; o CH; CH,
-HCOOH - NH; /K
> -
e X >
HsC OH  _46amu 3 -17 amu HsC g')H
NH;* NH;*
Valine Carbocation
Chemical Formula: CsH;,NO,* Chemical Formula: C,H;(N* Chemical Formula: C,H,"
Exact Mass: 118.08626 Exact Mass: 72.08078 Exact Mass: 55.05423

Scheme 4-2: Possible mechanistic pathways for valine amino acid fragmentation during data dependent
acquisition mode with ESI-CID-FTMS/MS.

The MS? result for methionine shows the normal fragmentation pathways as for other
amino acids with the exception of low intensity fragment at m/z 87 (Figure 4.10). This

fragment can be explained by loss the ionisable groups in the main structure of the
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amino acid and the formation of a fragment which consists of carbocation (Scheme 4-3).
The generation of the carbocation ion from methionine is quite similar to the formation
of the carbocation from valine by of 2 consecutive eliminations of HCOOH and NH3
from the main structure of the amino acid with an additional fragmentation involving
neutral loss of CH3SH (Scheme 4-3).

test4-dependantscanfragmentation #248 RT:9.85 AV: 1 NL: 9.85E6

F: FTMS +c ESI d Full ms2 150.06@cid35.00 [50.00-165.00] 133.03152
CsHgO2S
100
90
85
80
75
70
[
8 es
S 60
=]
c 655
>
Qo 50
<
o 45
A
]
3 35
o 30 104.05262
25 C4H1oNS
20
15
10
5 56.04932 87.02605 115.00937
C3HgN X
3 |6 68.36141 81.21284__ CM:WS ' Cs His O N 124.71060
60 70 80 90 100 110 120 130
m/z
- . 2 . . - - - « s, .
Figure 4.10: MS* spectra for methionine amino acid during data dependent acquisition with ESI-CID-
FTMS/MS.
o
S -HCOOH S
HiC + OH ™ 46 amu HsC C+H
W Chemical Formula: CsHy0,S* Chemical Formula: C,H,S*
N o Exact Mass: 133.03178 Exact Mass: 87.02630
o e
S LS
e A
HsC OH s /
_HCOOH HyC \/\‘ £
NH;* - 46 amu
NH;*
L Chemical Formula: C4H;,NS*
Methionine Exact Mass: 104.05285
Chemical Formula: CsH;,NO,S* \1(\"@0 o
Exact Mass: 150.05833 6’%
(4
-HCOOH
/
Hzc/ OH - 46 amu HZC/\H
NH,* NH,*
— Chemical Formula: C4HgNO," Chemical Formula: C;HN*
Exact Mass: 102.05495 Exact Mass: 56.04948

Scheme 4-3: Possible fragmentation pathways for methionine amino acid during data dependent
acquisition mode with ESI-CID-FTMS/MS.
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4.5.2.2 Alpha-Beta Cleavage (a,B- Cleavage)

The o,pB- cleavage includes the fragmentation of the covalent bond between a,B-
carbon atoms with H-shift. Fragmentation pathways following such cleavage will result
in a variety of specific fragments. Although o-f cleavage is not the dominant pathway
for amino acid fragmentation, the MS? results for some amino acids: tryptophan, aspartic
acid, and histidine show specific fragments with low abundance as a result of such

fragmentation pathways.

test4-dependantscanfragmentation #472 RT:18.82 AV: 1 NL: 2.83E6

F: FTMS +c ESI d Full ms2 156.08@cid35.00 [50.00-170.00] 110.07111
CsHgN3
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Figure 4.11: MS? spectrum for histidine amino acid during data dependent acquisition mode with ESI-
CID-FTMS/MS.

The MS? spectrum for histidine amino acid (Figure 4.11) shows, in addition to the main
fragments at m/z 110 (loss of HCOOH, 46 amu) and 95 (loss of NH3 and CO,, 61 amu),
a minor fragment at m/z 83. This fragment can only be explained by the a-f cleavage of

the histidine amino acid as shown in Scheme 4-4.

According to the formula for the product ion, such fragment can be explained by
assuming that the positive charge will be retained by the imidazole ring rather than the

a-amine group. The a-f cleavage of the histidine amino acid occurs via the elimination
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of the iminoacetic acid moiety (73 amu) from the histidine amino acid leading to the

formation of the methyl-imidazolium ion at m/z 83 and a neutral iminoacetic acid

fragment. Such fragmentation pathway involves H-shift in order to form a cationic

fragment.
o
(o]
N N CH;
/ OH Alpha-Beta Cleavage /
/ / + OH
+H2N NH2 +H2N
Histidine Chemical Formula: C4H,N," Chemical Formula: C,H;NO,
Chemical Formula: C¢H;(N;0," Exact Mass: 83.06037 Exact Mass: 73.01638
Exact Mass: 156.07675

Scheme 4-4: Possible fragmentation pathway for histidine amino acid during data dependent acquisition
mode with ESI-CID-FTMS/MS.
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Figure 4.12: MS? spectrum for aspartic acid during data dependent acquisition mode with ESI-CID-
FTMS/MS.

The MS? spectrum for aspartic acid fragmentation showed a minor fragment at m/z 74

(Figure 4.12). Unlike histidine, a-f cleavage of the aspartic acid eliminates an acetic

acid moiety as a neutral fragment from the main structure of the amino acid and the

possible iminoacetic acid cation formation at m/z 74.
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Scheme 4-5 shows the mechanistic pathway for aspartic acid fragmentation through o-f
cleavage with H-shift from the cation to the neutral fragment. Such fragmentation
pathway is quite similar to a-f3 cleavage of histidine amino acid except that the positive

charge is retained by the iminoacetic acid fragment.

(o]
(¢]
HO HO CH,
OH
+ OH

+ - >
° NH, Alpha-beta Cleavage o NH.*
Aspartic acid 2

Chemical Formula: C,HgNO,* Chemical Formula: C,H,O, Chemical Formula: C,H,NO,"
Exact Mass: 134.04478 Exact Mass: 60.02113 Exact Mass: 74.02365

Scheme 4-5: Possible fragmentation pathway for aspartic acid during data dependent acquisition mode
with ESI-CID-FTMS/MS.

The MS? spectrum for tryptophan (Figure 4.13) contains a minor fragment at m/z 130.
Tryptophan amino acid will eliminates an aminoacetic acid moiety as a neutral fragment

with H-shift from the cationic fragment to the neutral fragment.

STD_PPT_175% #232 RT:9.26 AV:1 NL:4.33E6
F:FTMS +¢ ESI d Fuil ms2205.10@cid35.00 [50.00-220.00]
~ 188.0708

Relative Abundance

188,8207
e 204.

m/z
Figure 4.13: MS? spectrum for tryptophan amino acid during data dependent acquisition mode with ESI-
CID-FTMS/MS.
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Surprisingly, another fragment at m/z 146 could be detected; the formula for this
fragment suggested that this fragment is different from the fragment m/z 130 by one O
atom. Thus, a hydroxylation process may have occurred during MS? fragmentation
(Scheme 4-6).

+
H 0
Alpha-Beta Cleavage
’ 8 + HKOH
NH
CH, 2
Chemical Formula: (T‘,H,J\Jr Chemical Formula: C,H;NO,
-59 amu Exact Mass: 130.06513 Exact Mass: 75.03203
Tryptophan Hydroxidation
Chemical Formula: C;{H 3N,0," HO H*
Exact Mass: 205.09715 N\
CH,
Chemical Formula: CoHgNO™*
Exact Mass: 146.06004

Scheme 4-6: Possible fragmentation pathways for tryptophan amino acid during data dependent
acquisition mode with ESI-CID-FTMS/MS.

The process of hydroxylation can be explained by the following: tryptophan eluted at
9.25 min with high water content in the mobile phase at this moment. Thus, the iontrap
(fragmentation compartment) during DDA is not 100% free of water at this moment.
The CID energy will cause a water molecule to split into H & OH’ radicals and this
explains the hydroxylation of the aromatic ring of tryptophan; this process is more likely
to occur in an iontrap than a triple quadrupole instrument since all ions are held together
in the trap until ejection. Formation of fragment at m/z 130 during fragmentation of
tryptophan was reported by Domingues et al. [165] but the formation of the fragment at
m/z 146 was not reported by, however he confirms the ability of tryptophan to undergo
hydroxylation via the Fenton reaction. If we consider Fenton reaction as a step to bring

OH’ radical into contact with tryptophan amino acid, then the same situation is occurring
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inside the iontrap compartment where OH’ radical is formed during water fragmentation.
Aromatic nucleus of tryptophan amino acid as well as position 2 & 3 of the pyrrole ring

represent the main reaction sites for the OH" radical [171].
4.5.2.3 Tropylium lon Formation

The tropylium ion is a very stable cation as the charge trans-located from one site
to another forming a resonance stabilised cation (Figure 4.14). Sometimes, the formation
of the tropylium ion is the final product of the fragmentation process for the compound,
and sometimes it can be a transitional state for the formation of another fragment[113].

H H H ]
Qi
H-Shift
- - H -
Chemical Formula: C;H;" Chemical Formula: C;H;" H \
i H
H
H
H H
: O H @
H
H
H H
Chemical Formula: C;H," — . . —
Exact Mass: 91.05423 Resonance stabilisation of Tropylium ion
Tropylium ion

Figure 4.14: Resonance stabilisation of the tropylium ion by charge delocalisation [172].

MS? spectrum for tyrosine (Figure 4.15) shows abundant fragments at m/z 165 & 136
that result from loss of NH3 (17 amu) and HCOOH (46 amu) from the precursor ion.
Minor fragments could be detected at m/z 147, 123, and 107. The fragment m/z 147 is a
result of a consecutive loss of water and NH3 groups from tyrosine amino acid, whereas
the fragment m/z 107 is a result of a-p cleavage and carbocation formation. Carbocation
will undergo further re-arrangements to produce a tropylium ion at m/z 107 (Scheme
4-7). However, the fragment m/z 123 can only be explained by further hydroxylation of
the tropylium ion, according to the chemical formula generated for this fragment and

could occur as described previously for tryptophan.
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Figure 4.15: MS? spectrum for tyrosine amino acid during data-dependent acquisition with ESI-CID-
FTMS/MS.
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Scheme 4-7: Possible fragmentation pathways for tyrosine amino acid during data dependent acquisition
mode with ESI-CID-FTMS/MS.
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4.5.2.4 Specific Arginine Fragments

The MS? spectrum for arginine shows 2 main fragments at m/z 158 and 157 which
result from the general fragmentation pathways by eliminating NH3 (17 amu), and H,0

(18 amu) from the precursor ion (Figure 4.16).

In addition to the 2 main fragments, another 3 minor fragments could be detected at m/z
130, 116, and 60. Loss of guanidine group of arginine as neutral molecule will result in a
fragment at m/z 116, whereas retention of the positive charge by the guanidine group
will result in a fragment at m/z 60 (Scheme 4-8).

However, the third fragment that could be detected with enough intensity at m/z 130
which could be explained by subsequent elimination of HCOOH molecule from the
main structure of the amino acid followed by oxidative deamination of the imine group,

as explained in the Scheme 4-8.
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Scheme 4-8: Possible mechanistic pathway for arginine amino acid fragmentation during data dependent
acquisition mode with ESI-CID-FTMS/MS.

4.6 Analysis of 2-Alkenal Adducts Using a ZIC-HILIC Column in
Combination with FTMS

After finishing validation for the best method for amino acids extraction and
FTMS detection, the next step was to investigate the capacity of the methods for 2-
alkenal adducts detection in standard and biological samples. Production and preparation
of ALEs compounds was done according to the procedure described in section 2.3.
Extraction of the desired compounds from the protein hydrolysate was carried using PPT

method according to procedure described in section 2.5.3.

Finally, in order to investigate the source of different 2-alkenal adducts which were
generated as a result of different degrees of reduction in the reduction step with NaBH,,
non-reduced samples were used to indicate the sources of different forms of 2-alkenal
adducts that were generated as a result of different degrees of reduction in the reduction

step with NaBH,.
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4.6.1 Reactions of 2-Alkenals with Lysine
4.6.1.1 Schiff Base and Michael-Like Addition Reactions

A single step reaction of 2-alkenals with lysine amino acid residues in protein

molecule can result in a set of compounds known as Schiff bases and Michael adducts
(Figure 4.17).
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Figure 4.17: Reaction of 2-alkenal aldehydes with lysyl residue within a protein molecule through Schiff
base and Michael addition reactions. Reduction stabilisation and acid hydrolysis with 6N HCI steps is
essential for individual adduct detection.

Table 4-11 & Table 4-12 show the mass spectrometric results for non-derivatised Schiff
base and Michael adducts that could be detected in the protein hydrolysate modified

with different 2-alkenal adducts. Most of these adducts were detected within 1 ppm
deviation from the theoretical masses for these adducts.
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Table 4-11: Mass spectrometry results for Lys-Schiff bases modified with different 2-alkenals using ESI-
FTMS.

Type of adduct Elemental formulae RDB R: Control (min) Observed m/z Delta ppm

lysine CsH15N20, 0.5 19.47 147.11249 -1.07
Acr-Lys-S CoH19N20O; 15 14.31 187.14410 0.38
Cro-Lys-S CioH2:N20; 15 15.85 201.15975 -0.88
Pne-Lys-S C11H:N20; 15 12.51 215.17540 -1.26
Hxe-Lys-S Ci2H25N20, 15 12.48 229.19105 -0.78
Hpe-Lys-S C13HzN20O; 15 11.84 243.20670 -1.06
Nne-Lys-S C15Hz1N20; 15 10.96 271.23800 -1.10

Table 4-12: Mass spectrometric results for Lys-Michael adducts modified with different 2- alkenals using
ESI-FTMS.

Type of adduct Elemental formulae RDB R; Control (min) Observed m/z Delta ppm

lysine CsH15N20; 0.5 19.47 147.11249 -1.07
Acr-Lys-M CgH21N,05 0.5 18.67 205.15467 -0.89
Cro-Lys-M CioH23N,03 0.5 17.95 219.17032 -1.08
Pne-Lys-M C11H25N,03 0.5 16.67, 17.07, 17.49 233.18597 0.42
Hxe-Lys-M C12H27N,03 0.5 15.62, 16.19, 16.67 247.20162 -1.37
Hpe-Lys-M C13H2N,05 0.5 12.46 261.21727 -0.98
Nne-Lys-M CisH33N,03 0.5 11.68 289.24857 -1.10

The elution of the compounds on the ZIC-HILIC compounds is greatly influenced by the
hydrophilicity of the compounds, as the hydrophilicity the compound increases the
elution time increases. The retention time for the Lys-Schiff bases range between 14.30
min (Acr-Lys-S) and 10.91 min (Nne-Lys-S adduct), whereas the retention time for Lys-
Michael adducts range between 18.67 min (Acr-Lys-M adduct) and 11.68 min (Nne-
Lys-M adduct). It is noticeable that the retention times for these adducts are significantly
different from retention time of the lysine as a result of the reduction in hydrophilicity
due to reaction with 2-alkenal aldehydes. In addition, the hydrophilicity of the adduct

decreases as the length of the side chain of 2-alkenal aldehydes increases.

Multiple peaks pattern could be detected for some Michael adducts, such as Pne-Lys-M
and Hxe-Lys-M. This is expected (apart from in the case of acrolein) as an additional
chiral centre is being introduced during adduct formation making the possibility of two

diastereoisomers is possible; the difference in the chromatographic properties for the
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diastereoisomers may be related to the size of the R-group in the adduct (Figure 4.17).
The second peak shows an identical fragmentation pattern to the first peak, which
confirms that the second peak is related to isomeric form for that adduct. The presence
of a third isomer in some cases is more difficult to explain and suggests that the amino

acid may also react at different positions with aldehydes.

Michael adducts for Hpe and Nne failed to show a multiple peak pattern and this can be
attributed to 3 possible reasons. The first reason for the disappearance of the multiple
peaks can be attributed to very low concentration of the secondary isomers insufficient
for MS detection (below the detection threshold). For example: Hpe-Lys-M shows a
very low abundance (just above 0% as reported in section 4.8) amongst the different
Hpe-Lys adducts. The second reason for the disappearance of the multiple peaks pattern
can be attributed to peaks overlapping and peaks broadening that may result from high
concentration of these adducts as compared to the concentration of Pne & Hxe Michel
adducts. For example, Nne-Lys-M adduct shows a high abundance (3.78% as reported in
section 4.8) amongst the different Nne-Lys adducts. The third explanation for the
disappearance of the multiple peaks pattern can be attributed to an early elution time for
these adducts; multiple peaks for different isomers will elute at the same time due to
insufficient retention of these adducts on the ZIC-HILIC column.

Non reduced samples were used to investigate the importance of the reduction
stabilisation step with 5 M NaBH, on the stability of Schiff base and Michael adducts
against acid hydrolysis step with 6N HCI (Table 4-13 & Table 4-14).

With the exception of Acr-Lys-S & M and to a very low extent Hxe-Lys-S base, most of
the Lys-Schiff bases and Lys-Michael adducts could not be detected in non-reduced

samples as a result of their instability to acid hydrolysis.
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Table 4-13: MS results for non reduced Lys-Schiff Base adducts in non reduced protein samples. All the
results were within 2 ppm. N=4,

R;control (min)
Adduct | Type of Adduct | Elemental formula | RDB for the reduced Ri(min) | Observed m/z | Average Peak Area
adducts

Lysine Amino acid CeH1sN20, 0.5 19.47 19.53 147.11249 27870336
Acr-Lys | Lys-Schiff Base CoH17N,O- 25 14.31 18.69 185.12845 138748
Cro-Lys | Lys-Schiff Base CioH1sN,0, 25 15.85 N/A 199.1441 N/A
Pne-Lys | Lys-Schiff Base C11H21N,0, 25 12.51 N/A 213.15975 N/A
Hxe-Lys | Lys-Schiff Base C12H2:N,0, 25 12.48 12.35 227.1754 87660.5
Hpe-Lys | Lys-Schiff Base Ci3Hx:N,0, 25 11.84 N/A 241.19105 N/A
Nne-Lys | Lys-Schiff Base Ci5H.N,0, 25 10.96 N/A 269.22235 N/A

Table 4-14: MS results for non reduced Arg-Michael adducts in non reduced protein samples. All the
results were within 2 ppm. N=4,

R: control (min)
Elemental ! R: Observed Average Peak
Adduct Type of Adduct formula RDB for the reduced (min) miz area
adducts
Lysine Amino acid CsHi1sN20; 0.5 19.47 19.57 147.11249 27870336
Acr-Lys Lys-Michael Adduct CoH19N,04 15 18.67 19.39 203.13902 31743
Cro-Lys Lys-Michael Adduct CioH2:N20; 15 17.95 N/A 217.15467 N/A
Pne-Lys | Lys-Michael Adduct | CuHxN,Os | 15 16'6177* }1;'07' N/A | 23117032 N/A
Hxe-Lys | Lys-Michael Adduct | CHaN0s | 15 | 52304 | A | 24518507 NIA
Hpe-Lys | Lys-Michael Adduct | CuisHzrN,Os 15 12.46 N/A | 259.20162 N/A
Nne-Lys Lys-Michael Adduct | CisHaN2Os 15 11.68 N/A 287.23292 N/A

4.6.1.2 Lysine-Pyridinium Adduct Formation

Lysine pyridinium adducts can result from 2 subsequent reactions of 2 aldehyde

molecules from 2-alkenals with lysine amino acid residues in protein molecule (Figure

1.4 in section 1.2.1.3). Reduction stabilisation of the modified protein samples with 5M

NaBH, can result in different reduction levels for the same adduct and 5 different

reduced and non-reduced forms could be detected (Figure 6.7).

Figure 4.18 shows the possible chemical structure for different 2-alkenal-pyridinium

adducts that may result from different reduction levels during reduction step with

NaBH,4, whereas Table 4-15 shows the expected masses for Lys-pyridinium adduct

when incubated with different 2-alkenal aldehydes.
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Figure 4.18: The possible chemical structures for different reduced form for non-derivatised lysine-
pyridinium adducts.

Table 6-17 to Table 6-22 show the mass spectrometric results for non-derivatised lysine-
pyridinium adducts. The observed masses were within 2 ppm deviation from the
theoretical masses for these adducts. A marked reduction in the retention time is obvious
throughout the series of 2-alkenal adducts due to a gradual decrease in the hydrophilicity
of the 2-alkenal-pyridinium compounds. Acrolein-pyridinium adducts show a minimum
shift in the retention time (18.83-16.57 min) in comparison to lysine amino acid (19.47
min), whereas nonenal-pyridinium adducts shows the maximum shift in retention time
(9.97-9.57 min) as compared to lysine amino acid. Acrolein aldehyde will add little
lipophilicity to lysine amino acid due to the small side chain of the acrolein. Whereas 2-
nonenal aldehyde adds a large degree of lipophilicity to lysine amino acid due the long

side chain of the 2-nonenal aldehyde moiety.

Again, multiple peaks for isomers of the early eluting adducts, such as Hxe, Hpe, and
Nne pyridinium adducts, are absent, while it is quite obvious for late eluting adducts
such Acr, Cro, and Pne pyridinium adducts. Both geometrical isomers and

diastereoisomers can contribute to the multiple peaks.
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Analysis of non-reduced protein samples confirms Baker’s assumption [section 1.2.1.3]
which proposed that Lys-pyridinium adducts [Lys-pyr and Lys-pyr (-2H)] are the main
pyridinium adducts that would result from the reaction between lysine amino acid with
2-alkenal aldehydes. Other Lys-pyridinium adducts [Lys-pyr (+2H), Lys-pyr (+4H), and
Lys-pyr (+6H)] is a matter of reduced forms that may result from different reduction
levels during reduction step with NaBH, (Table 6-23). In most of non reduced protein
samples, Lys-pyr (-2H) has higher intensity than Lys-pyr adduct. This confirms that
Lys-pyr (-2H) is the main final product compound for the reaction of the 2-alkenals with

lysine amino acid.

Table 4-15: Expected chemical masses for the ionised Ly-pyridinium adducts that should be detected by
ESI-FTMS.

2-ALKENAL Lys-Pyr (-2H) Lys-Pyr Lys-Pyr (+2H) Lys-Pyr (+4H) Lys-Pyr (+6H)
ACROLEIN N/A 223 225 227 229
CROTANALDEHYDE 249 251 253 255 257
2-PENTENAL 277 279 281 283 285
2-HEXENAL 305 307 309 311 311
2-HEPTENAL 333 335 337 339 341
2-NONENAL 389 301 393 395 397

4.6.1.3 Formyl-Dehydro-Piperidino (FDP) Lysine Adducts Formation

Formed by a similar reaction to lysine pyridinium adducts, lysine-FDP adducts
also result from 2 subsequent reactions of 2 aldehyde molecules with lysine residues in
protein molecules (Figure 1.5 in section 1.2.1.3). Reduction stabilisation of the modified
protein samples with 5M NaBH, can result in different reduction levels for the Lys-FDP
adducts and different reduced forms could be detected (Figure 3.5 in section 3.2.3). On
contrast to pyridinium adducts, only 3 reduction levels would be expected for Lys-FDP

adducts including reduced and non reduced forms.

Figure 4.19 shows the possible chemical structure for different 2-alkenal-Lys-FDP

adducts that may result from different reduction levels during reduction step with
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NaBH,4, whereas Table 4-16 shows the expected masses for the different Lys-FDP
adducts; none of the Lys-FDP (+4H) could be deteceted with this method and could be

justified by low recovery for these adducts.
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Figure 4.19: Possible chemical structures for different reduced forms of Lys-FDP adduct.

Mass spectrometry results for different reduced forms of Lys-FDP have been included in
Table 4-17. The observed masses are within 1.5 ppm deviation from the theoretical
masses for these adducts. With Lys-pyridinium adducts a great reduction in the retention
time had been explained by the possible decrease in the hydrophilicity of the 2-alkenal-
pyridinium compounds. A similar explanation for retention time can be used for Lys-
FDP adducts where a decrease in the retention time of the Lys-FDP adduct can be

observed as the length of the side chain of the 2-alkenal aldehyde increases.

Mass spectrometry detection of the Lys-FDP adducts using the PPT method and a ZIC-
HILIC column is quite different from the situation where the EZ:faast method and a C-
18 column was used. FDP adducts -2, -4, or -6H could be detected when the EZ:faast
method and C-18 column were used, whereas using PPT method and ZIC-HILIC
column failed to show such adducts. Since these adducts showed a very low detectability
with the EZ:faast method and C-18 column, then failure to detect these adducts with
HILIC suggesting that adducts may become chemically modified by the derivatisation

conditions used in the EZ:faast method.
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Table 4-16: Expected chemical masses for the ionised Lys-FDP adducts.

2-ALKENAL lonised Lys-FDP adduct lonised Lys-FDP (+2H) Adduct lonised Lys-FDP (+4H) Adduct
ACROLEIN 241 243 245
CROTANALDEHYDE 269 271 273
2-PENTENAL 297 299 301
2-HEXENAL 325 327 329
2-HEPTENAL 353 355 357
2-NONENAL 409 411 413

Table 4-17: Mass spectrometry results for ionised lysine-FDP (+2H) adducts.

Adduct Type of Adduct Elemental formula RDB | R:control (min) m/z Delta ppm

lysine Lysine a.a. CeH1sN20, 05 19.47 147.11249 -1.40
Acr-FDP-243 Lys-FDP (+2H) C12H2303N, 25 18.18 243.17032 1.25
Cro-FDP-271 Lys-FDP (+2H) C14H27;03N; 25 16.9 271.20162 -0.90
Pne-FDP-299 Lys-FDP (+2H) C16H3103N; 25 1251 299.23292 -1.04
Hxe-FDP-327 Lys-FDP (+2H) Ci1gH3503N;, 25 12.08 327.26422 -1.25
Hpe-FDP-355 | Lys-FDP (+2H) C2oH330:N; 2.5 10.48, 11.20 355.29552 0.49
Non-FDP-411 Lys-FDP (+2H) C24H4703N, 25 10.23 411.35812 -1.58

4.6.2 Reaction of 2-Alkenals with Arginine

Reactions of arginine residues in protein molecules with 2-alkenals have been
extensively discussed in section 3.3, where the EZ:faast method and RPLC-FTMS
revealed the ability of the arginine to react with 2-alkenals through Schiff base and
Michael addition reactions. Detection of non-derivatised Arg-Schiff base and Arg-
Michael adducts (Figure 4.20) using the PPT method and the ZIC-HILIC column
confirmed the results obtained by the earlier method.

Table 4-18 & Table 4-19 show the mass spectrometry results for non derivatised Arg-
Schiff base and Michael adducts. The masses for the observed adducts were within 1
ppm deviation of the theoretical masses for the expected adducts. The retention times for
Arg-Schiff base & Arg-Michael adducts range between 10 and 17 min, with
significantly earlier elution of the Schiff bases as compared to Michael adducts. This can
be attributed to the low hydrophilicity of the Schiff bases due to the elimination of the

aldehyde group of the 2-alkenal during reaction with arginine amino acid.
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Figure 4.20: Individual arginine Schiff base and Michael adducts released from protein molecule after
reduction and acid hydrolysis steps.

Table 4-18: Chemical formulas and mass spectrometry results for Schiff base formation between arginine
and the 2-alkenal series.

R; control

Adduct Type of Adduct Elemental formula | RDB (min) m/z Delta ppm
Arginine Amino Acid CeH1sN4O; 15 19.15 175.11861 -1.19
Acr-Arg Arg-Schiff Base CoH19N,O, 25 N/A 215.15025 -0.46
Cro-Arg Arg-Schiff Base CioH2N,O, 25 115;%% 229.16590 -1.48
Pne-Arg Arg-Schiff Base C1H%N,O, 25 N/A 243.18155 -0.04
Hxe-Arg Arg-Schiff Base C1oH2N,O, 25 12.8 257.19720 -1.22
Hpe-Arg Arg-Schiff Base Ci13sHzN,O, 25 11.92 271.21285 0.34
Nne-Arg Arg-Schiff Base CisHzuN,O, 25 10.88 299.24415 -0.77

Table 4-19: Chemical formulas and mass spectrometry results for Michael addition reaction between
arginine and the 2-alkenal series.

Adduct Type of Adduct Elemental formula | RDB R‘(?T?m)rm m/z Delta ppm
Arginine Amino Acid CsH1sN4O2 15 19.15 175.11861 -1.19
Acr-Arg Arg-Michael Adduct CgH31N4O; 15 N/A 233.16082 0.01
Cro-Arg Arg-Michael Adduct CioH2N4O4 15 17.06 247.17647 -0.78
Pne-Arg Arg-Michael Adduct Ci11H2sN4O4 15 16.02 261.19212 -1.11
Hxe-Arg Arg-Michael Adduct C1oH2N,Os 15 14.38 275.20777 -0.69
Hpe-Arg Arg-Michael Adduct Ci3H2N4O4 15 12.57 289.22342 -0.93
Nne-Arg Arg-Michael Adduct Ci5HN,Os 15 11.44 317.25472 -0.79

The extracted ion current for Cro-Arg-S at m/z 229.16 shows a major peak (at 15.32
min) overlapped with minor peak (at 17.09 min) that may result from multiple isomers
for the same adduct as a consequence of cyclisation process discussed in section 3.3.
However, low availability of such isomers below the detection threshold for mass
spectrometry instrument can justify the inability of the current method for isomers

detection.
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MS? applications were unsuccessful in confirming the identity of multiple peaks for
arginine adducts as they failed to trigger MS? during data dependent acquisition mode
due to low intensity of the arginine adducts as compared to more intense co-eluted
compounds. Manipulating the parameters for MS? fragmentation during data dependent

acquisition mode failed to exclude the more intense co-eluted peaks from detection.

Previously in section 3.3, where the EZ:faast method had been used as an extraction and
derivatisation method, the acrolein-arginine adducts (Schiff base or Michael adduct)
could not be detected in some samples, and a possible justifications have been proposed.
The current method, using PPT as an extraction method and ZIC-HILIC column coupled
to ESI-FTMS as separation and detection method, confirms these findings as none of
these adducts could be detected. However, MS detection of Acr-Arg adducts in non-

reduced protein samples reveals significant levels of such adducts.

Table 4-20: MS results for non-reduced Arg-Schiff base adducts in non reduced protein samples. All the
results were within 1.5 ppm. N=4.

R; control (min)
Adduct | Type of Adduct | Elemental formula | RDB | forthe reduced | R¢(min) | Observed m/z | Average Peak Area
adducts

Arginine Amino acid CsH1sN4O, 15 19.15 19.17 175.11861 132051648.5
Acr-Arg | Arg-Schiff Base CyH17N4O; 35 N/A 18.33 213.1346 2183228
Cro-Arg | Arg-Schiff Base C1oH19N:O, 35 15.32,17.09 17.12 227.15025 31953.5
Pne-Arg | Arg-Schiff Base C11H2N,O, 35 N/A N/A 241.1659 N/A
Hxe-Arg | Arg-Schiff Base C12H23N4,O, 35 12.8 N/A 255.18155 N/A
Hpe-Arg | Arg-Schiff Base Ci3H2sN4O, 35 11.92 N/A 269.1972 N/A
Nne-Arg | Arg-Schiff Base Ci5H2N4O, 35 10.88 N/A 297.2285 N/A

Table 4-21: MS results for non reduced Arg-Michael adducts in non reduced protein samples. All the
results were within 1.5 ppm. N=4.

R; control
Adduct Type of Adduct Elemental formula | RDB (m:gc)ijzgghe Ri(min) | Observed m/z | Average Peak area
adducts
Arginine Amino acid CsHi1sN4O> 15 19.15 19.20 175.11861 132051648.5
Acr-Arg | Arg-Michael Adduct CgH19N4O5 25 N/A 18.33 231.14517 39568412
Cro-Arg | Arg-Michael Adduct C1o0H21N4O3 25 17.06 17.12 245.16082 3915299
Pne-Arg | Arg-Michael Adduct C11H23N403 25 16.02 16.05 259.17647 946124.5
Hxe-Arg | Arg-Michael Adduct C12H25N403 25 14.38 14.53 273.19212 40653.5
Hpe-Arg | Arg-Michael Adduct Ci3H27N4O3 25 12.57 12,51 287.20777 167870
Nne-Arg | Arg-Michael Adduct CisH31N4O3 25 11.44 11.48 315.23907 38676
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Table 4-20 & Table 4-21 show the expected chemical formula for non reduced arginine
Schiff base and Michael adducts, observed masses, retention time (R;), retention time for
the corresponding reduced adducts (R; control), and the average peak area for these
adducts (n=4).

Excluding reduction step with NaBH, greatly influenced the stability of the arginine-
Schiff base adducts against acid hydrolysis (with the exception of Acr-Arg-S & Cro-
Arg-S). whereas arginine-Michael suffer from minor stability issue as reflected by very
small peak area for the non reduced adducts as compared to the reduced form of the
correspondent adducts. The debate here is to confirm whether arginine modifications
have occurred during incubation with acrolein aldehydes or not? If a reduction step is
essential to stabilise Schiff base and Michael adducts against the acid hydrolysis step,
why can Acr-Arg Schiff base and Michael adducts be detected with non-reduced protein
samples while it is not possible with reduced protein samples? Although the elemental
composition of Acr-Arg adducts (Schiff and Michael adducts) in the non-reduced
samples could be confirmed by: (1) accurate mass measurements (less than 1.5 ppm) and
a relative retention time. Confirmation is still required to indicate if modification has
occurred or not. This can be done by comparing the intensity (or peak area) of the
arginine between a standard HSA sample and a modified HSA sample (which had been
incubated with acrolein aldehyde). The 2 samples were subjected to reduction step with
NaBH, prior acid hydrolysis step, and were also hydrolysed without a reduction step.

Lysine used as a reference in both samples.

Figure 4.21 shows the retention time, chromatographic peak, and the peak area (as an
indicator for concentration) for lysine and arginine between the 4 types of protein
hydrolysate samples: reduced HSA (sample #1), reduced HSA modified with acrolein
aldehyde (sample #2), non-reduced HSA (sample #3), and non-reduced HSA modified
with acrolein aldehyde (sample #4).
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Figure 4.21: Comparison of lysine and arginine between standard HSA hydrolysate and modified HSA
(modified with acrolein aldehydes) hydrolysate. Sample (#1) reduced HSA, sample (#2) reduced
HSA+Acrolein, sample (#3) non- reduced HSA, and sample (#4) non- reduced HSA+Acrolein. 5 M
NaBH, was used as reducing agent prior to acid hydrolysis with 6N HCI at 145°C for 4 hrs.

The percentage of the remaining lysine in reduced HSA protein samples which have
been incubated with acrolein aldehyde should be around 15% (section 4.8). Arginine
showed no modification at all, when HSA was incubated with acrolein aldehyde. Results
obtained from non reduced protein samples (sample #1 and #2) show no modifications
for arginine when HSA had been incubated with acrolein aldehyde. The peak area for
arginine is almost the same between sample #1 and sample #2 if we consider the
variation that may results from different arginine concentration between the 2 samples.
However, non reduced protein samples (sample #3 and #4) showed arginine
modification by around 25% (Figure 4.21). These arginine modifications, when HSA
was incubated with acrolein aldehyde and hydrolysed without reduction step, could be
recovered as Acr-Arg-Schiff base and Acr-Arg-Michael adduct. More complex
modifications might be expected, however insufficient information about these
modifications leaves us with the assumption that Acr-Arg Schiff base and Michael

adducts are the main adducts. This gives enough indication that there was no
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modification for arginine amino acid in the reduced sample, while arginine modification
could be detected in non-reduced samples as Acr-Arg adducts. This raises the argument:
does reduction with NaBH, affect the stability of Acrolein-Arginine adducts? Why we
could see these adducts in the case when HSA was incubated with other 2-alkenals such

as hexenal, heptenal, nonenal, etc.? Such questions need more investigation.
4.6.3 Reaction of 2-Alkenals with Histidine

Histidine amino acid residues in protein molecules can react with 2-alkenal
aldehydes through a single step Michael addition reaction resulting in a set of
compounds known as His-Michael adducts (Figure 4.22). The reaction involves the
reaction between the double bond of the 2-alkenal with the imidazole ring [173].
Reduction of His-Michael adducts results in the reduction of the peripheral aldehyde
group to the corresponding primary alcohol group. Table 4-22 shows the mass
spectrometry results for non derivatised His-Michael adducts, and the generated
formulas for the observed adducts were within 1 ppm deviation from the theoretical

masses for these adducts.

The retention time for His-Michael adducts ranged between 11 and 18 min, with
significant decrease in the retention time of the 2-alkenal adduct as the side chain of the
2-alkenal moiety increased. Most of these adducts could be detected as single peak, with
the exception of Hpe-His Michael adducts which could be detected at m/z 270.18112
with multiple peak pattern. The MS? spectrum could confirm the identity of the 2 peaks
as both of them show the same fragmentation pattern. Hpe-His Michael adduct showed
fragments at m/z 226, 224, 209 which may resulted from the loss of CO, (44 amu),
HCOOH (46 amu), CO,+NH3; (61 amu) from the parent compound (Figure 4.23). The
fragment at m/z 156 represents histidine after losing the 2-heptene moiety, whereas
fragments at m/z 112, 110, and 95 result from subsequent loss of CO,, HCOOH,
CO,+NHj3 from the histidine fragment at m/z 156.
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Figure 4.22: Reaction of 2-alkenal aldehydes with histidine amino acid residue in protein molecule
through Schiff base and Michael addition reactions.

Table 4-22: Chemical formulas and mass spectrometry results for Michael addition reaction between
histidine and the 2-alkenal series.

Adduct Type of Adduct Elemental formula RDB | R;control (min) m/z Delta ppm
Histidine Amino Acid CsH1oN30; 35 185 156.07637 -1.28
Acr-His His-Michael adduct CyH16N303 35 18.02 214.11862 0.23
Cro-His His-Michael adduct CioH15N303 35 17.28 228.13427 -0.49
Pne-His His-Michael adduct Ci11H20N30; 35 16.51 242.14992 -0.68
Hxe-His His-Michael adduct Ci1oH2N304 35 14.98 256.16557 0.34
Hpe-His His-Michael adduct Ci3H24N30; 35 12.57,13.12 270.18122 -0.95
Nne-His His-Michael adduct CisH2sN30; 35 11.28 298.21252 -1.03
Hpe #297 RT:12.48 AV:1 NL:5.05E5 204.17549
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Figure 4.23: MS? spectrum for Hpe-His-M adducts during dependent acquisition mode with ESI-CID-
FTMS/MS.
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Mass spectrometry results for non reduced protein samples confirm inability of His-2-
alkenal adducts (with the exception of Acr-His-M, Cro-His-M adducts which show a
significant average peak area) to withstand the harsh conditions during the acid
hydrolysis step. Table 4-23 shows the expected chemical formula for non reduced
histidine Michael adducts, observed masses, retention time (R;), retention time for the
correspondent reduced adducts (R; control), and the average peak area for these adducts

over 4 samples.

Table 4-23: MS results for non reduced His-Michael adducts in non reduced protein samples. All the
results were within 2 ppm. N=4,

R: control

Adduct Type of Adduct Elemental formula | RDB (migt)jljz;;he R¢(min) | Observed m/z | Average peak area
adducts

Histidine Amino acid CsH10N30, 3.5 18.50 18.47 156.07637 20057105
Acr-His | His-Michael Adduct CgH1N305 45 18.02 18.51 212.10297 9043270
Cro-His | His-Michael Adduct C1oH16N305 45 17.28 17.42 226.11862 269982.5
Pne-His | His-Michael Adduct C11H1sN304 45 16.51 N/A 240.13427 N/A
Hxe-His | His-Michael Adduct C1oH2N305 45 14.98 N/A 254.14992 N/A
Hpe-His | His-Michael Adduct Ci3H2N304 45 12.57,13.12 N/A 268.16557 N/A
Nne-His | His-Michael Adduct C1sH26N305 45 11.28 10.95 296.19687 22901

4.6.4 Reaction of 4-Hydroxynonenal (HNE) with Amino Acids

The ability of HNE to react with different amino acids: lysine, arginine, histidine,
and cysteine residues in protein molecule through Schiff base and Michael addition
reactions has been discussed in detail in section 1.2.2. Furthermore, HNE shows the
ability to react with 2 amino acids lysine-lysine or histidine-lysine through Michael
addition reactions followed by a Schiff base reaction for the same molecule (Figure 1.10
& Figure 1.11 in section 1.2.2.5). Table 4-24 & Table 4-25 shows the mass spectrometry
results for the non-derivatised HNE adducts for lysine, arginine, and histidine amino
acids, respectively. All the observed adducts were within 1ppm deviation from the
theoretical masses. The average peak area has been included in these tables in order to

indicate the level of these adducts in the protein hydrolysate samples.
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Figure 4.24: The expected chemical structure, formula, and theoretical mass for HNE adducts for lysine,
arginine, and histidine amino acids.

Table 4-24: Mass spectrometry results for different HNE adducts.

Adduct Type of Adduct Elemental Formula | R;(min) | Observed mass (m/z) | RDB | ppm | Average peak area
Lysine Amino Acid CsH1sN20, 19.47 147.11278 05 -0.165 31513669.5
Schiff Base Ci5H31N20; 11.78 287.23309 15 0.594 26221913
Ly HNE Michael Adduct Ci15H33N04 12.15 305.24368 05 0.642 3463186.333
Arginine Amino Acid CeH1sN4O, 19.20 175.1189%4 15 -0.07 37032041.83
Schiff Base Ci5H31N4O; 11.60 315.23895 25 | -0.372 982517.6667
Arg-HNE
Michael Adduct CisH33N4O4 N/A N/A N/A N/A N/A
Histidine Amino Acid CsH10N30, 18.50 156.07674 35 | -0.084 3230716.5
His-HNE Michael Adduct CisH2sN304 11.91 314.2077 35 0.85 24629400.67
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Table 4-25 Accurate masses for HNE adducts formed by reaction with 2 amino acid residues HNE double
adducts). N=6.

Type of Adduct Elemental Formula Rt (min) Observed mass (m/z) RDB Ppm Average peak area
Lys-HNE-Lys Ca1H1sN4Os 24.48 433.33826 15 -0.431 406906.6667
His-HNE-Lys C21H4Ns05 23.66 442.30194 4.5 -1.031 927023

The retention time for HNE adducts (Schiff base & Michael adducts) range between 11
and 12 min for adducts generated by the reaction of HNE with single amino acid.
Whereas, the retention time of the HNE adducts which had been generated upon reaction
of HNE with 2 amino acids (HNE double adducts) have a very late elution time as
compared to the amino acids and other HNE adducts. This can be explained by higher
hydrophilicity of such adducts due to the availability of 2 amine groups and 2 carboxyl
groups in the same molecule, compared to 1 amine group and 1 carboxyl group for other
HNE adducts. All of HNE adducts show significant levels when compared to their
related amino acid, and could be recovered as single peak. Inability to detect any of the
hemiacetal adducts or Arg-HNE Michael adducts confirm the earlier results obtained by
the EZ:faast method (Chapter 3), where none of the hemiacetal adducts could be
detected. This lead to the 2 assumptions: (1) either these adducts undergo further
chemical re-arrangements leading to the formation of compounds with the same
chemical mass and retention time as other adducts, or (2) the formation of these adducts
is not possible. Cysteine-HNE adducts could not be detected, and this can be attributed
for the inability to recover the cysteine amino acids after acid hydrolysis. HNE adducts

were not recovered in non-reduced samples.
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4.7 Structure Elucidation for ALEs Using HILIC-FTMS/MS and PPT
Method

The identity of 2-alkenal adducts was confirmed by using full scan MS, whereas
MS? fragmentation was carried out using the data dependent acquisition mode according
to the conditions and parameters specified in section 2.5.4. The MS? results for 2-alkenal
adducts obtained by Orbitrap using data dependent acquisition mode are shown in Table
6-24. Different types of fragment could be observed for each individual adduct, and the
most abundant fragment has been highlighted with red colour in the table. The detected
masses for these fragments were within 2.5 ppm deviation from the assigned molecular

formula.

In this section, the fragmentation pattern for 2-alkenal adducts can be related to the
information and results obtained in section 4.5 for amino acids fragmentations. In
general, 2-alkenal adducts will show the same fragmentation behaviour as standard
amino acids when subject to the same fragmentation conditions. None of the specific
fragmentation pathways [section 4.5.2] for amino acids could be detected with 2-alkenal
adducts, with the exception of o,f-cleavage which could be detected with histidine

adducts only.
4.7.1 Fixed Mass Loss Fragments

According to the MS/MS data shown in Table 6-24, a set of fragments which
show the same behaviour by losing a specific moiety from the main structure of the 2-
alkenal adduct could be detected. Mainly, fragmentation of 2-alkenal adducts occurs by
the loss of a specific group from the precursor ion, such as ammonia (NHsz, 17 amu),
water (H,0, 18 amu), formic acid (HCOOH, 46 amu) or carbon dioxide (CO,, 44amu)
molecule. A combination of more than one group could be eliminated from the parent
adducts, such as mass loss of 64 amu that may result from the consecutive loss of H,O
and HCOOH from the structure of the precursor ion. Fragmentation pathways for 2-
alkenal adducts produced by specific mass loss from their structure are quite similar to

the general fragmentation pathways for amino acids [section 4.5.1].
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In the following sections only the fragmentation of lysine and histidine adducts will be
discussed in details, since arginine adducts failed to trigger the MS? fragmentation
during data dependent acquisition due to their low abundance in comparison with co-

eluted compounds [section 4.6.2].
4.7.1.1 Lysine fragmentation: Fixed Mass Loss

Using high resolution mass spectrometry for accurate mass measurements for the
product and precursor ions enabled us to precisely determine the chemical nature of
these fragmentations. Different lysine adducts, such as Schiff base, Michael adduct,
pyridinium and FDP adducts, show a similar fragmentation pathway by the loss of NH3
(17 amu), H,O (18 amu), CO, (44 amu), and HCOOH (46 amu). Losing of more than
one group could be detected as the cases with mass loss of 61 amu (CO,+NH3) and 63
amu (HCOOH+NHj3) from the parent compounds. Other fragments could be detected
resulting from the loss of most of a lysine moiety (129 amu). Finally, oxidative
deamination could be detected with lysine adducts which lost 45 amu from the parent
adducts. This has been explained for amino acids fragmentation in section 4.5.2.4) by
losing CO, followed by oxidative deamination.

Table 4-26 shows the exact masses lost from the molecular ions (2-alkenal adducts) and
the possible chemical nature the mass loss. Lysine adducts show a similar fragmentation
for to the parent amino acid by losing of 17 amu from the molecular ion due to NH3
elimination. For example, Nne-Lys-S base (m/z 271) shows a fragment that could be
detected at m/z 254 at very low intensity as compared to other fragments (Figure 4.25).
This fragment formed due to the elimination of NH; from the main structure of Nne-
Lys-S base. Another fragment could be detected at m/z 226 which results from loss of
45 amu from the parent adduct and could be explained by oxidative deamination
(Scheme 4-9). The MS? spectrum for the same adduct shows common ions at m/z 147,

130, and 84 with a significant intensity and will be discussed later.
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Table 4-26: Fixed mass losses from Lys-2-alkenal adducts (precursor ions) during data dependent
acquisition mode using ESI-CID-FTMS/MS.

Mass Loss Represent Examples Mass Loss Represent Examples
Hxe-Lys-S Hxe-pyr-305
Acr-Lys-M 61.01663 Loss of CO, followed by NH3 Hpe-pyr-333
17.02696 Loss of NHs;
Nne-Lys-S Nne-pyr-389
Nne-His-M Acr-FDP-243
Acr-FDP-243 63.03217 Loss of HCOOH+NH; Cro-Lys-M
Acr-FDP-245 Hpe-FDP-355
18.01076 Loss of H,O
Hxe-FDP-327 Acr-pyr-223
Hpe-FDP-355 Acr-pyr-227
Acr-Lys-M Acr-pyr-229
Acr-pyr-223 Acr-FDP-243
Acr-pyr-227 Acr-FDP-245
Acr-pyr-229 Cro-Lys-M
Acr-FDP-243 Cro-pyr-251
Cro-Lys-M Pne-Lys-M
Cro-pyr-251 129.07914 Loss of most of lysine moiety. Pre-pyr-277
CGHlloZNl
Pne-Lys-M Pne-pyr-279
Pne-pyr-277 Hxe-pyr-305
Loss of CO, followed by . o
45.02153 oxidative deamination Pne-pyr-279 Hxe-pyr-307
Hxe-Lys-S Hxe-FDP-327
Hxe-pyr-307 Hpe-FDP-355
Hxe-FDP-327 Hpe-pyr-339
Hpe-Lys-S Hpe-pyr-333
Hpe-FDP-355 Nne-pyr-389
Hpe-pyr-339 Acr-FDP-243
Nne-His-M 1470897 | L0ss of lysine amino acid moiety Acr-FDP-245
Nne-pyr-389 followed by losing H,0. Hxe-FDP-327
Nne-Lys-S Hpe-FDP-355

Other fragmentation pathways could be detected for different lysine adducts (Schiff
base, Michael adducts, pyridinium and FDP adducts) by losing 18, 63, 129, and 147

amu. For example, the MS? spectrum of Hpe-Lys-FDP (Figure 4.26) showed the product
ions at m/z 337, 292, 226, and 208. Other fragments could be detected at m/z 310 which

result from oxidative deamination pathway (loss of 45 amu), in addition to a fixed

fragment which could be detected at m/z 130.
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Figure 4.25: MS? spectra for Nne-Lys-S during data dependent acquisition mode with ESI-CID-
FTMS/MS.
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Figure 4.26: MS? spectra for Hpe-FDP-355 adduct during data dependent acquisition with ESI-CID-FTMS/MS.
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The sources of these fragments can be explained by the loss of H,O (18 amu), with
subsequent loss of HCOOH followed by further loss of NH3; (63 amu), or by the loss of
most of the lysine moiety (129 amu). Scheme 4-10 shows the possible pathways for Lys-

FDP adduct fragmentation.

The fragment ion at m/z 310 may result from loss of CO, (44 amu) followed by
oxidative deamination for the terminal amine group with overall loss of 45 amu.
Oxidative deamination can be a dominant pathway, as the case with Hpe-Lys-FDP-355

adduct, or could be a minor pathway, as the case with Nne-Lys-Schiff base.

Finally, most of the pyridinium adducts show a fragment with minor intensity by losing
of 61 amu from the parent compounds. This fragment can be attributed for the
subsequent elimination of CO, molecule (44 amu) followed by further elimination of
NH; group (17 amu), as explained in Scheme 4-11.

Figure 4.27 shows the MS? spectrum for Hpe-pyr-333 adduct with a dominant fragment
peak at m/z 204 which results from the elimination of most of a lysine moiety (-129
amu), in addition to a minor fragment peak could be detected at m/z 272, which results
from subsequent elimination of CO, and NHj3 (-61 amu) from the parent Hpe-pyr-333
adduct.

R R R R R R
» fﬁ) »
ﬁ/ ﬁ/ ﬁ/
coz2 NH3
OH |
NH, NH;
(o]
Lysine Pyridinium Adduct Lysine Pyridinium Adduct - 44 amu Lysine Pyridinium Adduct - 61 amu
Chemical Formula: C4,H417N,05" Chemical Formula: C11H{7N* Chemical Formula: C11H4N*
Exact Mass: 221.12845 Exact Mass: 177.13862 Exact Mass: 160.11208

Scheme 4-11: Elimination of 61 amu from Lys-pyridinium adducts during data dependent acquisition
mode with ESI-CID-FTMS/MS. Acrolein (R=H), Crotanaldehyde (R=CHj3), 2-pentenal (R=CH3;CH,-), 2-
hexenal (R=CH3CH,CH-), 2-heptenal (R=CH3;CH,CH,CH,-), and 2-Nonenal
(R=CH3CH,CH,CH,CH,CH,-).
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Figure 4.27: MS? spectra for Hpe-Lys-pyr-333 during data dependent acquisition mode with ESI-CID-
FTMS/MS.

4.7.1.2 Histidine Fragmentation: Fixed Mass Loss

Histidine adducts show the same fragmentation pathways as for lysine adducts
losing NH3 (17 amu), CO, (44 amu), and HCOOH (64 amu) groups from the parent
histidine 2-alkenal adducts; a combinations of these fragments is also possible. The a-3
bond cleavage resulting in the loss of an iminoacetic acid moiety (73 amu) from the

histidine [section 4.5.2.2] is also predictable for His-2-alkenal adducts.

Table 4-27 shows the exact mass loss from the parent compounds, the chemical nature
of such a mass loss, and examples for the histidine adducts where these mass losses
occurred in MS? mode. For example, MS? fragmentation for Pne-His-Michael adducts
shows a major fragment peak at m/z 196 which results from the loss of HCOOH (46
amu) from the structure of the Pne-His-M adduct. Fragments at m/z 198 and 181, with
an average intensity, result from CO; (44 amu) elimination and subsequent elimination
of CO, and NH3 (61 amu), respectively. A low intensity fragment detected at m/z 169

results from o-f cleavage of histidine with the expected elimination of an iminoacetic
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acid moiety (73 amu) from the main structure of Pne-His-M adduct (Figure 4.28). The
fragment peak at m/z 156 belongs to the histidine moiety after losing the modifying
groups. Scheme 4-12 shows the fragmentation pathways for 2-alkenal-His-M adducts
with possible loss of specific masses, such as 44, 46, 61, and 73 amu which results from

elimination of CO,, HCOOH, CO,+NHgs, and a,B-cleavage pathways, respectively.

Table 4-27: Fixed mass losses from His-2-alkenal Michael adducts (precursor ions) during data dependent
acquisition mode.

Mass Loss Represent examples

Acr-His-M

Pne-His-M
43.99011 Losing CO2

Hpe-His-M

Nne-His-M

Acr-His-M

Cro-His-M

Cro-His-M

46.0058 Losing HCOOH
Pne-His-M

Hpe-His-M

Nne-His-M

Acr-His-M

Cro-His-M

Cro-His-M
61.01663 Losing CO,+NH;

Pne-His-M

Hpe-His-M

Nne-His-M

a,B-cleavage: Lose of a-carbon group with its attached carboxyl and Acr-His-M
73.01661 amine group with formation of double bond between a-carbon and
a-amine group. As occurs in the fragmentation of histidine Pne-His-M
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Figure 4.28: MS? spectra for Pne-His-M during data dependent acquisition mode with ESI-CID-

FTMS/MS.

HOA)\R

Chemical Formula: CgHy3N;0*
Exact Mass: 167.10531

Chemical Formula: C;H3NO,
Exact Mass: 73.01638

o
OH

N

4\

NF*
HO/\)\R

Chemical Formula: CgH,N,03"
Exact Mass: 196.08424

HO/\)\R

2-Alkenal HistidineMichael Adducts

Chemical Formula: CgH45N303*
Exact Mass: 213.11079

HO/\)\R

Chemical Formula: C7H,N,0*
Exact Mass: 140.09441

NH*

HO/\)\R

Chemical Formula: CgH1,N,05*

Exact Mass: 168.08933

|

-NH; Oxidative
Deamination
o
OH
N NH N NH N NH,
4 \ 2 .HCOOH 4 \ 2 -cO, 4 \
—_—
NH* - 46 amu NH* NH*

-44 amu /\)\
HO R

Chemical Formula: CgH5N30*
Exact Mass: 169.12096

-61amu
-73 amu Alpha-Beta - NH3
Cleavage
o CH; =CH,
N N
OH 4 \ 4 \
\ + NH* NA*
NH

HO/\/I\R

Chemical Formula: CgH,N,0*
Exact Mass: 152.09441

Scheme 4-12: Possible fragmentation pathways for His-Michael adducts during data dependent acquisition
mode with ESI-CID-FTMS/MS. Acrolein (R=H), Crotanaldehyde (R=CHj3), 2-pentenal (R=CH3;CH,-), 2-
hexenal (R=CH3CH,CH-), 2-heptenal (R=CH3;CH,CH,CH,-), and 2-Nonenal
(RZCHSCH2CH2CH2CH2CH2-).
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4.7.2 Common lons Fragments

Common ion fragments appear in different 2-alkenal adducts due to the
elimination of the modifying moiety from the original structure of the amino acid. Most
of these fragments represent lysine, arginine, or histidine moieties which represents the
backbone for such adducts. Some of these fragments then undergo further fragmentation
by losing NH3, CO,, or HCOOH.

4.7.2.1 Common lons Fragments for Different Lysine Adducts

Common ion fragments could be detected in different Lys-2-alkenal adducts
Schiff base, Michael-like adduct, pyridinium and FDP adducts. The availability and
intensity of these fragments differ from one compound to another.

Table 4-28 shows the exact mass for the common ion fragments, the possible chemical
nature of such fragments, and examples for the lysine adducts where these common ion
fragments could be detected during MS? spectrometry. For example, common ion
fragments at m/z 159, 142, 130, 98, and 84 could be detected in enough intensity with
MS? fragmentation for Acr-FDP-243 lysine adduct (Figure 4.29).

Lysine adducts can follow 2 pathways for common ion fragments formation. Pathway (1)
includes unsaturated ring opening through retro-Diels Alder reaction leading to common
ion fragment formation at m/z 159. The retro-Diels-Alder reaction may affect
unsaturated ring of the reduced pyridinium or the Lys-FDP adduct [172, 174]. Other
fragments at m/z 142 and 98 are a consequence of further elimination of NH; and CO,
molecules from the main structure of the product ion at m/z 159 (Scheme 4-13).
Pathway (Il) includes the loss of the modifying groups (2-alkenal moieties) together
with the terminal amine group of the lysine amino acid leading to common ion

fragments at m/z 130 and 84.

It should be mentioned that pathway (I) is specifically noticed for Lys-pyridinium and
FDP adducts only, while pathway (1) is a general fragmentation pathway for all lysine

171



adducts. Another fragment with very low intensity could be detected at m/z 147 which
show the exact chemical mass and formula for lysine amino acid (Figure 4.30). This
type of common ion fragment could only be detected with lysine Schiff bases (Hpe-Lys-
S and Nne-Lys-S adducts), and can be attributed to the elimination of the 1,3-diene

moiety from the parent lysine Schiff base (Scheme 4-14).

Table 4-28: Common ion fragments for Lys-2-alkenal adducts (precursor ions) during data dependent
acquisition mode.

Common ion Represent Examples Common ion Represent Examples
Acr-Lys-M Acr-Lys-M
Acr-pyr-223 Acr-pyr-223
Acr-pyr-227 Acr-pyr-227
Acr-pyr-229 Acr-pyr-229
Acr-FDP-243 Acr-pyr-243
84.08057 Lysine amino acid - (NHz)- (HCOOH) Cro-Lys-M Cro-Lys-M
Cro-pyr-251 Cro-Lys-S
Pne-Lys-M Cro-pyr-251
Pne-pyr-277 Pne-Lys-M
Hxe- = ) ; | 5
Xe-Lys-S sineaning Pne-pyr-277
130.08606 acid-NH
Nne-Lys-S : Pne-pyr-279
. . Acr-pyr-227 Hxe-Lys-
98.09618 opening of the unsaturated ring crpyr xe-Lys-S
followed by NH; then CO, losing Acr-FDP-243 Hxe-pyr-305
Acr-pyr-227 Hxe-pyr-307
Hxe-FDP-
Acr-FDP-243 307
142.08609 opening of the unsaturated ring Hxe-FDP-327 Hpe-Lys-S
' followed by NHjs losing
Hpe-FDP-
Hpe-FDP-355 355
Hpe-pyr-339 Hpe-pyr-333
i T Losing of 2-alkenal moiety leaving Hpe-Lys-S Nne-pyr-389
lysine amino acid Nne-lLys:S Nne-Lys:5
Acr-pyr-227
159.11261 opening of the unsaturated ring
Acr-FDP-243
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Figure 4.29: MS? spectra for Acr-FDP-243 during data dependent acquisition mode with ESI-CID-
FTMS/MS.
O OH
Oy __OH
OH R
O«__OH NH
NH . NHz
| Opening of the
R OH R pyridinium ring
NH3+ N o
Pathway II NH Pathway | \N
R H*
Chemical Formula: CgH1NO," Lys-FDP Adduct Chemical Formula: C7H45N,0,*
Exact Mass: 130.08626 Exact Mass: 159.11280
-HCOOH - NH3
/
2 VNH;* -C02 " o)
\N NM
H* Z " "OH

Chemical Formula: CsH1oN*
Exact Mass: 84.08078

Chemical Formula: CgH1,N*
Exact Mass: 98.09643

Chemical Formula: C7H1,NO,*
Exact Mass: 142.08626

Scheme 4-13: Common ion fragments generation for Lys-pyridinium adduct fragmentation during data
dependent acquisition mode with ESI-CID-FTMS/MS. Acrolein (R=H), Crotanaldehyde (R=CHy), 2-
pentenal (R=CH3CH,-), 2-hexenal (R=CH3;CH,CH,-), 2-heptenal (R=CH3;CH,CH,CH,-), or 2-Nonenal
(R=CH3CH,CH,CH,CH,CH,-).
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Figure 4.30: MS? spectra for Nne-Lys-Schiff base during data dependent acquisition mode with ESI-CID-
FTMS/MS.
R
NH, N\R
*H,N -
OH
o}

2-Alkenal Lysine Schiff Base

Chemical Formula: C¢H,sN,0,"
Exact Mass: 147.11280

Scheme 4-14: Fixed fragment ions generation for Lys-Schiff base fragmentation during data dependent
acquisition mode with ESI-CID-FTMS/MS. Acrolein (R=H), Crotanaldehyde (R=CHj3), 2-pentenal
(R=CH3CH,-), 2-hexenal (R=CH3CH,CH,-), 2-heptenal (R=CH;CH,CH,CH,-), or 2-Nonenal

(R:CH3CH2CH2CH2CH2CH2-).
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4.7.2.2 Common lon Fragments for Different Histidine Adducts

Histidine 2-alkenal adducts show the same fragmentation pathways as lysine 2-
alkenal adducts where common ion fragments are generated due to the elimination of the
modifying moiety from the parent His-2-alkenal-Michael adducts. However, common
ion fragments for His are different from the common ion fragments for Lys due to the
difference in the backbone structure for the amino acid that composes the 2-alkenal

adducts. Histidine adducts show common ion fragments at m/z 95, 110, 112, 156.

Table 4-29 shows the exact mass for the common ion fragments, the possible chemical
nature of such fragments, and examples for the histidine adducts where these common
ions could be detected during MS? fragmentation. For example, MS? spectra for Hpe-
His-M adduct show common ion fragments at m/z 95, 110, 112, and 156 (Figure 4.31).
The formation of these fragments could be explained by loss of the 2-alkenal moiety
leaving the histidine fragment that could be detected at m/z 156. Subsequent loss of
HCOOH (46 amu) leads to a common ion fragment at m/z 110. Whereas, elimination of
CO; (44 amu) from the common ion m/z 156 leads to the formation of another common
ion at m/z 112. Further elimination of NH3 from the common ion fragment at m/z 112

leads to the formation of low intensity common ion fragment at m/z 95 (Scheme 4-15).

Table 4-29: Common ion fragments for His-2-alkenal Michael adducts (precursor ions) during data
dependent acquisition mode.

Common ion Represent examples

Pne-His-M

95.0602 His-NH3-CO, Hpe-His-M

Nne-His-M

Pne-His-M

110.07106 His-HCOOH Hpe-His-M

Nne-His-M

Pne-His-M

112.08671 His-CO, Hpe-His-M

Nne-His-M

Pne-His-M

156.07655 Leaving histidine amino acid only Hpe-His-M

Nne-His-M
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Figure 4.31: MS? spectra for Hpe-His-Michael adduct during data dependent acquisition mode with ESI-
CID-FTMS/MS.

o) o
OH OH
N HO "R N - HCOOH N NH
2 NH, I NH, ¢\ 2
N

NA*
HO/\)\R

2-Alkenal Histidine

Histidine Amino Acid

Michael Adduct Chemical Formula: CgH1oN3O5* Chemical Formula: CsHgN3*
Exact Mass: 156.07675 Exact Mass: 110.07127
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Chemical Formula: CsHqgN3* Chemical Formula: CsH;N,*
Exact Mass: 112.08692 Exact Mass: 95.06037

Scheme 4-15: Common ion generation for His-Michael adducts fragmentation during data dependent
acquisition mode with ESI-CID-FTMS/MS. Acrolein (R=H), Crotanaldehyde (R=CHj3), 2-pentenal
(R=CH3CH,-), 2-hexenal (R=CH3CH,CH,-), 2-heptenal (R=CH;CH,CH,CH,-), or 2-Nonenal
(R=CH3CH,CH,CH,CH,CH,-).
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4.7.3 Structure Elucidation for HNE Adducts Using Mass Spectrometry

MS? results for HNE adducts show the same fragmentation pathways as other 2-
alkenal adducts (Table 4-30). All the observed masses for fragments were within 1.5
ppm deviation from the theoretical mass.

Table 4-30: MS/MS results for HNE adducts with different amino acids.

on ottt | el | Rl | oy | Priror | s | P | el | ode
1801 | 26922 | CuHxON, | -0.79
4502 | 24221 | CuHxO:N -0.24
63.03 | 224.20 CuaHas0ON -0.65
10210 | 18513 | CoHyO:N, -0.38
Lys-HNE-Schiff | CisHuN,Os 11.78 11.85 287.23
129.08 | 158.15 CoHz0ON -0.94
14507 | 142.16 CoHaoN 111
15715 | 130.09 CoH10:N 112
203.15 | 84.08 CsHioN -1.28
1801 | 287.23 | CuHuO:N, | -051
Lys-HNE- 4502 | 26022 | CuHsOsN -0.77
'\f"ecnﬁf‘:é;g? CisHaN,04 12.15 12.21 30524 | 129.08 | 176.16 CoH220,N -0.46
adduct 147.09 | 158.15 CoHzON -1.13
175.16 | 130.09 CoHi20:N -0.89
17.03 | 29821 | CiHzsON; | -1.20
Arg'HB’\faEfChi” C1sHa:N,O; 11.6 11.61 31524 | 45.02 | 27022 | CuHz0.Ns 0.72
157.09 | 158.15 CoHON -1.45
17.03 | 29718 | CuHsOMN, | -0.71
4399 | 27022 | CuHxONs | -1.05
46.01 | 26820 | CuHxON; | -0.94
His-HNE Michael | CisHzNsOs 11.91 11.97 314.21
61.02 | 25319 | CuHzsON, | -0.62
15813 | 156.08 | CgHiO:Ns -1.08
204.14 | 110.07 CsHsN; 1.22

Data dependent acquisition for the HNE double adducts (Lys-HNE-Lys & His-HNE-Lys
adducts) failed to trigger the MS? fragmentation during data dependent acquisition due to
their low intensity (Table 4-25 in section 4.6.4). Nevertheless, fragmentation of 1 hit
HNE adducts give full information about the behaviour of these adducts under MS?

conditions.
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HNE adducts can eliminate 17 amu (NH3), 18 amu (H,0), 45 amu (CO; elimination
followed by oxidative deamination), 46 amu (HCOOH) 61 amu (CO2+NHj3), 63 amu
(HCOOH+NHj3), 129 amu (elimination of lysine moiety), or 147 amu (elimination of
lysine moiety followed by H,O elimination). Furthermore, common ion fragments could
be detected for lysine-HNE adducts at m/z 84 & 130, whereas common ion fragments at
m/z 110 & 156 could be detected for histidine-HNE adducts. MS? spectra for Lys-HNE-
S base (Figure 4.32) show different fragments at m/z 84 (common ion), 130 (common
ion), 142, 158 (- 129 amu), 185, 224 (-63 amu), 242 (-45 amu), and 269 (- 18 amu). All
these fragments have been explained earlier with the exception of fragment at m/z 142 &
185.
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F: FTMS +c¢ ESI d Full ms2287.23@cid35.00[65.00-300.00]
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Figure 4.32: MS? spectrum for Lys-HNE-S base adduct during data dependent acquisition mode with ESI-
CID-FTMS/MS.

0 —tret

Mass loss of 102 amu from Lys-HNE-S adduct can be justified by losing part of the
modifying group (HNE) from the parent compound in the form of hexanol moiety, and
could be detected at m/z 185. However, a fragment at m/z 142 with a chemical formula
of (CgH2oN™) could be detected. Elimination of lysine moiety (mass loss of 129 amu)
followed by de-hydroxylation process (replacement of OH group with H atom) could be
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a possible explanation for the formation of such fragment although is not a well-known

mass spectrometric fragmentation pathway.

OH H, (0] (0]
PN OH HO " NNWOH
’ ’ NH; > NH,
-102 amu +
Lysine-HNE Schiff Base Adduct
Chemical Formula: C45H31N,05" Chemical Formula: CgH7N,0,"
Exact Mass: 287.23292 Exact Mass: 185.12845

l -129 amu

OH + Dehydroxylation reaction IGH
/\/\)\/\/NH3 e e VY 2V L
Chemical Formula: CgHyoNO™ Chemical Formula: CgHzoN*
Exact Mass: 158.15394 Exact Mass: 142.15903

Scheme 4-16: Fragmentation pathways for Lys-HNE-S base adduct that lead to the formation of fragments
at m/z 185, 158 & 142 during data dependent acquisition mode with ESI-CID-FTMS/MS.

The dehydroxylation process can be explained by the formation of H* and OH’ radical
during data dependent acquisition mode, due to the availability of high water (H,0)
content in the mobile phase at such retention time (see tryptophan fragmentation in
section 4.5.2.2 for more details). Loss of the OH group from Lys-HNE-S adduct as OH’
radical gives high opportunity for exchange with H" radical available in the atmosphere
of the iontrap during MS? process. The exact chemical mass and formula for such adduct

corresponds with such assumption.

Surprisingly, the MS? spectra for Lys-HNE-Michael adduct and Arg-HNE-Schiff base
shows the same fragment at m/z 158. In the case of the Lys-HNE-M adduct, this
fragment can be explained by elimination of the lysine moiety (- 147 amu), whereas in
the case of Arg-HNE-S base, it can be explained by elimination of the arginine moiety (-
157 amu) from the Arg-HNE-Schiff base (Scheme 4-17).
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1/\/\N N . OH > on P NH;
H H S 5H11
OH NH3
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Arg-HNE-Schiff Base
Chemical Formula: C15H31N4O3" Chemical Formula: CgHyoNO™
Exact Mass: 315.23907 Exact Mass: 158.15394

Scheme 4-17: Pathways for the formation of the fragment at m/z 158.15 for Lys-HNE-M & Arg-HNE-S
base adducts during data dependent acquisition with ESI-CID-FTMS/MS.

4.8 Percentages of 2-Alkenal Adducts in HSA Hydrolysate Samples

Determining the percentage of each adduct is required for LOD and LOQ
calculation for each adduct. A high protein concentration is required as some of the 2-
alkenal adducts could only be detected at high protein concentration. The percentages
for each 2-alkenal adduct was calculated by the same procedure described in Table 3-22
[section 3.9]. The average peak area for the detected 2-alkenal adducts is divided by the
average total peak area for remaining amino acid (lysine, arginine, or histidine) together
with its related adduct over repeated inections of 2 samples. Thus, it was possible to
estimate the % of the different aldehyde modified amino acids which were formed upon
reaction of HSA with the 2-alkenals. In the unmodified HSA, lysine gave 100%
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recovery with none of Lys-2-alkenal adducts being detectable. In Table 4-31, it can be
seen that the peak area obtained for the remaining lysine after reaction of HSA with
acrolein gave a normalised response of 15.3%.

In the case of the acrolein-lysine reaction products the most abundant adduct formed was
the lysine-FDP adduct which gave a normalised response of (47.3%). Certainly, in the
absence of pure standards such estimates are only very approximate since the response
factors are not known, but none-the-less the approach gives an impression of how
favourable the formation of the different adducts is. Formation of the different
pyridinium adducts between lysine and acrolein was quite favourable, however only
small amounts of the Michael adduct and Schiff’s base adduct could be detected at the
end of the incubation. The Schiff base adduct represents an intermediate which reacts

further to yield the more stable FDP and pyridinium adducts.

The same procedure could be adopted for histidine and arginine. After hydrolysis of the
acrolein modified HSA, histidine gave a normalised peak area of (21.3%) and the
Michael adduct had a normalised peak area of (78.7%). The arginine remaining after
reaction of HSA with acrolein was (100%) for the reduced sample. These findings were
in agreement with the previous results achieved by the EZ:faast method in section 3.9
where acrolein aldehyde showed the maximum activity with lysine amino acid and the
minimum activity against arginine amino acid. However, when the reduction step was
omitted, the percentage of the remaining arginine was (75%), and a percentages of
(22.7%) and (1.3%) for Acr-Arg-Michael adduct and Acr-Arg-Schiff base, respectively.
This suggests that reduction or reduction followed by hydrolysis in some way reverses

the formation of adducts with arginine.

Pentenal is much less reactive than acrolein, and in contrast to acrolein it was mainly the
Michael adduct of histidine which was formed with a normalised peak area of (46.7%).
The lysine remaining after reaction of HSA with pentenal had a normalised peak area of
(87.9%); only a small amount of Pne-Lys Michael adduct and pyridinium adducts were

formed, whereas Lys- FDP adduct was not detectable in most of the samples.
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Table 4-31: Percentages for non-derivatised 2-Alkenal Adducts in relation to its corresponding amino

acid. N=4
Acrolein Crotanaldehyde 2-Pentenal
Type of adduct Average % Type of adduct Average % Type of adduct Average %
Remaining Lysine 15.302 Remaining Lysine 90.197 Remaining Lysine 87.940
Acr-Lys-M 2.291 Cro-Lys-M 5.560 Pne-Lys-M 2.142
Acr-Lys-S 0.312 Cro-Lys-S 0.834 Pne-Lys-S N/A
Acr-pyr-221 N/A Cro-pyr-249 N/A Pne-pyr-277 N/A
Acr-pyr-223 8.785 Cro-pyr-251 1.461 Pne-pyr-279 3.414
Acr-pyr-225 13.675 Cro-pyr-253 0.760 Pne-pyr-281 2.904
Acr-pyr-227 8.418 Cro-pyr-255 0.509 Pne-pyr-283 3.235
Acr-pyr-229 3.629 Cro-pyr-257 0.547 Pne-pyr-285 0.364
Acr-FDP-243 47.588 Cro-FDP-271 0.133 Pne-FDP-299 N/A
Total % 100.000 Total % 100.000 Total % 100.000
Remaining Arginine 100.000 Remaining Arginine 98.814 Remaining Arginine 99.252
Acr-Arg-M N/A Cro-Arg-M 1.094 Pne-Arg-M 0.748
Acr-Arg-S N/A Cro-Arg-S 0.092 Pne-Arg-S N/A
Total % 100.000 Total % 100.000 Total % 100.000
Remaining Histidine 21.329 Remaining Histidine 63.165 Remaining Histidine 53.273
Acr-His-M 78.671 Cro-His-M 36.835 Pne-His-M 46.727
Total % 100.000 Total % 100.000 Total % 100.000
2-Hexenal 2-Heptenal 2-Nonenal
Type of adduct Average % Type of adduct Average % Type of adduct Average %
Remaining Lysine 76.515 Remaining Lysine 52.774 Remaining Lysine 83.904
Hxe-Lys-M 1.191 Hpe-Lys-M N/A Nne-Lys-M 3.779
Hxe-Lys-S 0.509 Hpe-Lys-S 3.248 Nne-Lys-S 2.044
Hxe-pyr-305 N/A Hpe-pyr-333 N/A Nne-pyr-389 N/A
Hxe-pyr-307 4.621 Hpe-pyr-335 18.015 Nne-pyr-391 3.797
Hxe-pyr-309 8.632 Hpe-pyr-337 6.777 Nne-pyr-393 1.150
Hxe-pyr-311 5.689 Hpe-pyr-339 9.100 Nne-pyr-395 1.866
Hxe-pyr-313 0.665 Hpe-pyr-341 0.680 Nne-pyr-397 0.055
Hxe-FDP-327 2.179 Hpe-FDP-355 9.406 Nne-FDP-311 3.404
Total % 100.000 Total % 100.000 Total % 100.000
Remaining Arginine 99.763 Remaining Arginine 98.848 Remaining Arginine 96.086
Hxe-Arg-M 0.237 Hpe-Arg-M 0.672 Nne-Arg-M 3.669
Hxe-Arg-S N/A Hpe-Arg-S 0.480 Nne-Arg-S 0.246
Total % 100.000 Total % 100.000 Total % 100.000
Remaining Histidine 85.847 Remaining Histidine 65.682 Remaining Histidine 16.214
Hxe-His-M 14.153 Hpe-His-M 34.318 Nne-His-M 83.786
Total % 100.000 Total % 100.000 Total % 100.000
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Nonenal is also less reactive than acrolein and the remaining lysine had a normalised
peak area of 83.9%. Small amounts of Nne-Lys Michael and pyridinium adducts were
formed; the level of Nne-Lys Schiff base was a little higher than that for Acr-Lys Schiff
base which indicates that the rearrangement of this intermediate into the pyridinium and
FDP adducts is slower when nonenal is used as the reactant. However, the reaction
between histidine and nonenal appears to be as extensive as in the case of acrolein with
83.8% of the histidine in HSA being converted into the Michael adduct which appears to

be more favourable than in the case of pentenal.

In general, lysine amino acid residues in protein molecules are subject to more
modifications than arginine and histidine, whereas arginine shows the lowest
modifications as compared to the other two amino acids (the total percentages of
arginine amino acid modification range between 0 and 4%). Lys-Michael adducts show
higher percentages as compared to Lys-Schiff bases confirming that Michael adducts are

more stable than Schiff base in withstanding the acid hydrolysis.

4.9 Determination of Limit of Detection (LOD) and Limit of
Quantification (LOQ) for 2-Alkenals Adducts Using HILIC-
FTMS

On the Orbitrap instrument it is difficult to define LOD and LOQ in a
conventional way, since there is often no noise when the extracted ion current is entered
in a narrow window (x5ppm). Furthermore, as the LOD is approached the peak for the
compound of interest simply gets narrower until it disappears. In simple terms what is
happening is that the trap fill parameters are discarding some of the ions due to the
analyte which fall below a certain threshold in order to avoid overfilling the trap with
background ions and as a peak gets lower in intensity some of its base is lost along with
the discarded background ions. Thus, determination of the LOD and LOQ for any
compound requires visual examination for the availability of the compounds in a serial

dilution for an initial concentration of that compound.
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LOD is easy to define in a serial dilution as the last concentration which could be
detected before the signal disappeared, this can sometimes be the same as the LOQ. The
determination of LOQ has been defined as the last concentration where the peak can be
observed with an intensity > 1.50 E+4 with at least 3 scans across the peak [section
3.10]. Some might like to set it higher, however detection of minor compounds with
very low intensity requires careful adjustemts for this parameter to avoid false nrgative

results.

Preparation of the dilution series of 2-alkenal adducts was carried out using protein
hydrolysate with a concentration of 0.3929 mg/ml which had been prepared according to
the procedure described in section 2.5.3. A total of 8 dilution points (0.1, 0.05, 0.02,
0.01, 0.005, 0.002, and 0.001 mg/ml) were prepared for PPT extraction by diluting
protein solutions with HPLC grade water. Table 4-32 shows the preparation of the
dilution series from an initial protein concentration of 0.3929 mg/ml of protein
hydrolysate. For example, the preparation of the 0.1 mg/ml of protein samples required
dilution of 254.55 ul of 0.3929 mg/ml of protein hydrolysate up to 1 ml using HPLC
grade water, whereas preparation of 0.05 mg/ml of protein sample required the dilution
of 500 pl of 0.1 mg/ml of protein hydrolysate up to 1 ml with HPLC grade water. The
samples then extracted using PPT method described in section 2.5.3

Table 4-32: Preparation of the dilution series for LOD and LOQ determination using PPT and
HILIC-FTMS methods.
C1 (mg/ml) | V1 (ul) | C2 (mg/ml) | V2 (ml) | Vol of HPLC grade water (ul) should be added

0.3929 254.55 0.1 1 745.4499
0.1 500 0.05 1 500
0.05 400 0.02 1 600
0.02 500 0.01 1 500
0.01 500 0.005 1 500
0.005 400 0.002 1 600
0.002 500 0.001 1 500
0.001 500 0.0005 1 500

Preparation of the PPT cartridges was carried out by the addition of 1 ml of ACN to 9
PPT cartridges; lable them as 0.39, 0.1, 0.05, 0.02, 0.01, 0.005, 0.002, and 0.001.
Aliquot of 300 pl of the correspondent protein concentration was loaded on the labelled
PPT cartridges, followed by the addition of 100 pl of I.S (reagent 1 from the EZ:faast
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kit). Allow the mixture to stand for 10 min then the filtration process is accomplished by
using vacuum manifold operating at 10 mmHg. A set of dry and clean 4 ml vials labelled
as 0.39, 0.1, 0.05, 0.02, 0.01, 0.005, 0.002, and 0.001 were used to collect the filtrate
from the correspondent PPT cartridge. The filtrates were subjected to evaporation till
dryness using dryblock operating at 50°C and a slight nitrogen stream, and then

redissolved in 600 pl HPLC grade water.

Determination of LOD and LOQ was carried using ZIC-HILIC column coupled to ESI-
FTMS mass spectrometry operating in the positive mode according to the conditions
specified in section 2.5.4. Table 4-33 shows that the amount of lysine injected into the
instrument in this dilution series ranges between 0.25ng and 193.5ng, calculated
according the percentage of the lysine amino acid residue (9.85%) in the HSA molecule
(Table 6-9).

Table 4-33: The expected amount of lysine amino acid (ng) injected in 10 ul of extracted protein
hydrolysate.

Amount of albumin in
300ul of hydrolysate Conc. (ug/ml) after re-
that are subjected to dissolution in 600ul

Amount of albumin
(ng) in 10pl injected Amount of lysine (ng)

Initial conc. (mg/ml)

PPT filtration (mg) 1D el
0.39285 0.11786 196.425 1964.25 193.4786
0.1 0.03000 50 500 49.25
0.05 0.01500 25 250 24.625
0.02 0.00600 10 100 9.85
0.01 0.00300 5 50 4.925
0.005 0.00150 25 25 2.4625
0.002 0.00060 1 10 0.985
0.001 0.00030 0.5 5 0.4925
0.0005 0.00015 0.25 25 0.24625

Since a goal of the research was to apply the methodology in an attempt to observe these
adducts in tissues a method was developed for estimating an approximate LOQ for the
adducts. The LOQ was estimated by diluting the hydrolysate of the aldehyde modified
HSA in two fold steps until the signal could no longer be observed. Table 6-25 to Table
6-30 show the LOQs in terms of estimated amount of amino acid or adduct injected on
column (oc). Thus, LOQ for lysine in the HSA could be estimated to be 0.04 ng oc. The
LOQs for most of these adducts were below 1ng oc.
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The figures for LOQ can only be very approximate since neither recoveries nor response
factors are known. However, it is possible to get some idea of at what level the protein
modifications could be observed. For example, if the LOQ for a specific adduct was
around 2 ng oc in a 10 pl injection aliquot, thus equating to 200 ng/ml. That would mean
for 2 mg of protein hydrolysed and then reconstituted in 1 ml according to the current
method it should be possible to observe adduct formation at about 0.01% (w/w) or 100
ppm relative to the weight of the protein.
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5 CHAPTER FIVE: General Conclusion and Future
Work
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5.1 General Conclusions

Most studies of the reactions between proteins and aldehydes have focused on
examining modified peptides rather than looking at the individual adducts following
complete hydrolysis of the protein. In the current study the goal was to determine
whether or not amino acid modification of plasma proteins could be detected and thus
potentially be used as a marker for specific disease process, much like non-enzymatic
glycation is used to monitor long-term glucose levels in diabetes [175]. The current
study identified unequivocally the elemental composition of a wide range of adducts
which could be formed by reaction between the model protein (HSA or BSA) and 2-
alkenals. Many of these adducts have been reported before and most commonly the
Schiff base and Michael-like adducts have been reported. The pyridinium and FDP
adducts were previously reported by workers who used NMR to elucidate their
structures following reaction of amino acids (with protected a-amine group) with
acrolein and crotonaldehyde [30, 51]. The current study confirmed their findings by
using a protein as the reactant and extended the reactions to a broader range of
aldehydes.

Adduct formation with arginine has only been recently reported [46] where the arginine
adduct could be detected as pentapyrrole adduct upon reaction of arginine residue in
protein molecule with HNE. In the current work the Schiff base and Michael-like
adducts of HNE were observed although it was surprising that nitrogen double bond in
guanidine group of arginine was not reduced upon NaBH, treatment used to stabilise
these adducts prior to hydrolysis of the protein. Moreover, it was not possible to observe
adducts formed between cysteine residues and the reactive aldehydes and this is
probably because these adducts would be likely to be acid liable [176]. The detection of
Michael adducts formed between HNE and histidine has been reported with a model

peptide such as oxidised insulin B chain [111].

There are no reports of detection of aldehyde modified proteins or amino acids in plasma

samples from human subjects, apart from the well established screens for glucose
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modification of haemoglobin [175, 177]. However, the vast majority of research into
aldehyde modification of proteins has focused on in vitro interactions although clearly
there is a great deal of interest in extrapolating the information obtained in these
experiments into biological systems, particularly into human subjects. In this study, we
have developed a method for the analysis of a wide range of aldehyde-amino acid
adducts and extended this work to examine human plasma in which we were able to
consistently identify a pyridinium adduct formed between lysine and 2-pentenal
aldehyde. It is not possible to rule out that this compound could be formed during
storage, but it was the only modified residue consistently detected; a general oxidation
of plasma lipids would be expected to give rise to a wide range of adducts. Indeed, we
have observed such a phenomenon when commercial BSA was incubated in PBS
without addition of a particular aldehyde. Many of the 2-alkenal adducts described in
this work could be observed in low abundance. This is probably because BSA is a
lipophilic protein and presumably carried over traces of plasma lipids during its
preparation into the final product which become oxidised either prior to or during the

incubation.

Assessment of the reactivity of 2-alkenals suggest that acrolein is the most reactive
aldehyde in 2-alkenal series as indicated by the percentages of the remaining amount of
the amino acid after incubation of protein samples with 2-alkenal aldehydes; this was in

agreement with other study which confirm the same achievement [51].
5.2 Mass Spectrometric Considerations

It was important to maintain good mass spectrometry performance in order to
provide definitive characterisation of adducts. Mass spectrometry with high analytical
performance and accurate mass measurement, such as that provided by the Orbitrap, is

an essential tool for metabolomic and proteomic studies [178].

False positive peaks can be detected in mass spectrometry as a result of inaccurate mass

detection, multiple charges, insufficient separation, insufficient resolution, chemical
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impurities, molecular fragmentation and hydrolysis by heat. Different parts of the mass
spectrometer such as power supply, vacuum pumps, ion gauges and RF oscillators could
be a source of artefact peaks that may result from radio-frequency interference [179].
Therefore, tuning and calibration processes of the mass spectrometer prior to each study

are essential to achieve high mass accuracy and avoid instrument drift [121, 180].

Application of MS? fragmentation using the linear iontrap coupled to Orbitrap mass
spectrometer illustrated the fragmentation behaviour of these adducts. These adducts
underwent a simple heterolytic or homolytic fragmentation leading to the loss of a
neutral molecule from their structure. Different chemical compounds —including amino
acids and 2-alkenal adducts- show specific fragmentation patterns by losing specific
neutral moieties from their structure such as H,O, NH;, HCOOH, CO, CO,, and

propanol.

A hydroxylation and dehydroxylation process could be noticed for tryptophan amino
acid and HNE-adducts fragmentation process, this could be attributed to the reaction of
the resulting fragments with OH" and H’ radicals inside the fragmentation compartment.
Formation of free radicals from the ionised precursor ion during ESI-CID-MS/MS has
been indicated by many studies [165, 181, 182]. Oxidative de-amination of the arginine
amino acid during MS? fragmentation could be attributed to the same principle as
hydroxylation process where the availability of oxygen molecules in the fragmentation
chamber can replace NH3 from the structure of the arginine amino acid.

In addition the MS? results indicated that the retro-Diels-Alder fragmentation could be
detected for some 2-alkenal adducts which contained rings in their structure [see
common ion fragments for different lysine adducts, section 4.7.2.1] leading to ring
opening. Opening of rings (saturated and unsaturated) via this mechanism was proposed
by ES-Safi et al. [181] and Dorr et al. [105] when ESI was used as ionisation source

during a MS? procedure with an iontrap mass spectrometer.

190



5.3 Sample Preparation: Reduction with NaBH,

It was confirmed that the reduction step with NaBH, was an essential process for
stabilising Schiff base and Michael adducts against acid hydrolysis. However, multiple
isomers for pyridinium and FDP adducts could be detected in protein samples which had
been incubated with 2-alkenals as a result of different levels of reduction with NaBH,4
for each adduct. Searching for different isomers of the same adduct was a time
consuming-process and reduction may increase the probability of the formation of more
complex compounds. The summation for the total peak areas for different lysine adducts
showed a significant increase in the intensity of the total recovered adducts in reduced
protein samples as compared to non reduced protein samples (Figure 5.1). This
confirmed that reduction step was essential for optimal recovery of the different 2-
alkenal adducts although pyridinium and FDP adducts could be detected in non-reduced

samples.

Modification of arginine and histidine with acrolein or crotanaldehyde can result in a
stable adducts which can withstand acidic conditions during acid digestion of the protein
sample without reduction with NaBH,. The stability of the 2-alkenal adducts of arginine
and histidine decreased as the side chain of 2-alkenal increased from crotanaldehyde to
2-nonenal. In the case of lysine, only the Acr-lysine Schiff base and Michael adducts
could withstand acid digestion without reduction with NaBH,4, while Schiff base and
Michael adducts for other Lys-2-alkenal aldehydes could not. In general, pyridinium and
FDP adducts showed the highest abundance amongst different 2-alkenal adducts as
confirmed by this study. These observations with similar to those of Shao et al. [34]
even though they used different extraction and detection methods. This can be attributed
in part to the high chemical stability of these adducts as compared to Schiff bases and

Michael adducts (which are acid liable), but may also be due to thermodynamic stability.
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Figure 5.1: Total peak areas summation for all the recovered lysine adducts (Schiff base, Michael
Adducts, Pyridinium and FDP adducts) when protein samples were incubated with different 2-alkenals.

5.4 Comparison of the EZ:faast and HILIC methods for analysis of
the adducts

The EZ:faast method could achieve higher recovery for amino acids and 2-alkenal
adducts as compared to the PPT+HILIC method, as it can be seen from the LOD and
LOQ for these 2 methods (see section 3.10.2 and section 4.9). However, the HILIC
method is more convenient for metabolomic studies due to the availability of the data
bases for the non-derivatised metabolites such as Metlin, HMDB and KEGG which
provide the full database for non-derivatised biological compounds and also because it

involves less sample preparation.

Fluctuation in the retention times of amino acids and 2-alkenal adducts during separation
and detection by HILIC-FTMS might result from the analysis conditions including the

mobile phase pH, column temperature, post-run equilibration time, column aging and
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some possible contaminants. It was observed that the more hydrophilic the 2-alkenal

adduct the greater was its retention on the ZIC-HILIC column (Figure 5.2).
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Figure 5.2: Hydrophilicity of amino acids and 2-alkenal adducts indicated by retention on a ZIC-HILIC
column. The compound with high hydrophilicity had the greatest retention time on the ZIC-HILIC
column.

5.5 Future Work

The obvious extension of the current work would be examine more biological
samples for the presence of the alkenal adducts characterised in the current study. The
detection of adducts in human plasma was not entirely consistent in the current study. In
order to obtain greater sensitivity it might be necessary to switch to a high sensitivity
tandem MS system using the same chromatographic conditions as those on the Orbitrap.
Dedicated tandem MS systems can offer about two orders of magnitude greater

sensitivity than the Orbitrap. In addition a goal that was not achieved during the current
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work was to characterise advanced glycation products produced by the reaction of

glucose with proteins. This could also form the basis of further work.
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Appendix

H,C
i \/\o Acrolein
H3C/\/\o Crotanaldehyde
H5;C
’ \/\/\Q t-2-Pentenal
H3C/\/\/\O t-2-Hexenal
H3C\/\/\/\O t-2-Heptenal
H3C/\/\/\/\o t-2-Octenal
H,;C
’ \/\/\/\/\0 t-2-Nonenal

Figure 6.1: Highly reactive aldehydes that belong to trans-2-alkenal series and are generated inside
biological systems as a result of the lipid peroxidation processes [30].
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Figure 6.2: Stabilisation mechanism for a FDP-lysine adduct in acidic conditions through enal-dienol
tautomerism [61].
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Figure 6.3: The possible locations for the reaction of HNE with arginine through the Michael addition
reaction.
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Figure 6.5: Scavenger SPE technique [83].
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Table 6-1: The EZ:faast kit reagents [133].

Reagent number

Reagent name

Content

Homoarginine 0.2 mM

Reagent 1 Internal standard solution Methionine-d3 0.2 mM
Homophenylalanine 0.2 mM
Reagent 2 Sodium carbonate solution 1M Na,COs
Reagent 3A Eluting medium component | 0.2M Sodium hydroxide
Reagent 3B Eluting medium component Il N-propanol
Reagent 4 Organic solution | Propyl chloroformate in chloroform
Reagent 5 Organic solution 11 Iso-octane

Table 6-2: Mass spectrometry results for derivatised acrolein-lysine-pyridinium adducts using EZ:faast
method and RPLC-FTMS.

Adduct Type of Adduct Elemental formula RDB R; (min) Observed m/z Delta ppm

lysine Lysine a.a. Ci7H3306N, 25 7.89 min 361.2324 -1.557
Acr-pyr-349 Lys-pyr (-2H) Ci9H2004N, 6.5 N/A N/A N/A
Acr-pyr-351 Lys-pyr Ci9H3104N, 5.5 2.77 min 351.22894 2.149
Acr-pyr-353 Lys-pyr (+2H) C19H3304N, 4.5 2.82 min 353.24301 -1.342
Acr-pyr-355 Lys-pyr (+4H) C19H3504N; 35 2.94 min 355.25885 -0.799
Acr-pyr-357 Lys-pyr (+6H) C19H3704N, 25 3.00 min 357.27444 -0.966

Table 6-3: Mass spectrometry results for derivatised crotanaldehyde-lysine-pyridinium adducts using
EZ:faast method and RPLC-FTMS.

Adduct Type of Adduct | Elemental formula | RDB R; (min) Obﬁ;’z\’ed ?)f)lr:\a

lysine Lysine a.a. Ci17H3306N; 25 7.89 min 361.2324 -1557
Cro-pyr-377 Lys-pyr (-2H) C21H3304N, 6.5 N/A N/A N/A
Cro-pyr-379 Lys-pyr C21H3s04N, 55 3.08 min 379.25967 1413
Cro-pyr-381 Lys-pyr (+2H) C21H3,04N, 45 3.40 min 381.27496 0.459
Cro-pyr-383 Lys-pyr (+4H) CaH3904N; 35 3.56 min 383.29056 0.326
Cro-pyr-385 Lys-pyr (+6H) Ca1H104N; 25 3.60 min 385.30612 0.091

Table 6-4: Mass spectrometry results for derivatised pentenal lysine-pyridinium adducts using EZ:faast
method and RPLC-FTMS.

Adduct Type of Adduct | Elemental formula | RDB R¢ (min) Obfne/rzved ?)Slr:]a

lysine Lysine a.a. C17H3306N; 25 7.89 min 361.2324 -1557
Pne-pyr-405 Lys-pyr (-2H) Ca3H3704N, 6.5 3.41 min 405.27409 0.284
Pne-pyr-407 Lys-pyr Ca3H3s04N, 5.5 3.56 min 407.29019 -0.602
Pne-pyr-409 Lys-pyr (+2H) C3H4104N; 45 3.69 min 409.30569 -0.965
Pne-pyr-411 Lys-pyr (+4H) Ca3H4304N, 35 4.41 min 411.32169 -0.109
Pne-pyr-413 Lys-pyr (+6H) Ca3H4s04N2 25 4.71 min 413.3307 -0.937
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Table 6-5: Mass spectrometry results for derivatised hexenal lysine-pyridinium adducts using EZ:faast

method and RPLC-FTMS.

Adduct Type of Adduct | Elemental formula | RDB R¢ (min) Ob;e;zved ?);Ir:]a

lysine Lysine a.a. C17H3306N, 25 7.89 min 361.2324 -1557
Hxe-pyr-433 Lys-pyr (-2H) CasHa104N, 6.5 4.14,4.75,5.17 min 433.306 -0.196
Hxe-pyr-435 Lys-pyr C2sH1304N; 55 4.40, 5.35 min 435.32117 -1.298
Hxe-pyr-437 Lys-pyr (+2H) CasHas04N; 45 4.67,5.63 min 437.33704 -0.789
Hxe-pyr-439 | Lys-pyr (+4H) CasH47OuN, 35 5.43, 6.02, 6.60, 7.36min 439.35242 -1.400
Hxe-pyr-441 Lys-pyr (+6H) CasHag04N; 2.5 6.47,6.92,7.76 min 441.36807 -1.393

Table 6-6: Mass spectrometry results for derivatised heptenal lysine-pyridinium adducts using EZ:faast

method and RPLC-FTMS.

Adduct Type of Adduct | Elemental formula | RDB Rt (min) Ob;e/rzved I?)(:)I;]a

lysine Lysine a.a. C17H3306N; 25 7.89 min 361.2324 -1.557
Hpe-pyr-461 Lys-pyr (-2H) C27H4s04N, 6.5 5.38, 6.19, 7.28, 8.06 min 461.33795 1.225
Hpe-pyr-463 Lys-pyr C,7H4704N; 55 6.53, 8.40 min 463.35236 -1.457
Hpe-pyr-465 Lys-pyr (+2H) C,7H4904N2 45 7.15,7.64, 8.38, 8.74min 465.36816 -1.128
Hpe-pyr-467 Lys-pyr (+4H) Ca7Hs104N; 35 8.35, 8.84, 9.64, 10.65min 465.36795 -1.579
Hpe-pyr-469 Lys-pyr (+6H) C27Hs304N, 25 9.33, 10.09, 11.25min 469.39996 -1.417

Table 6-7: Mass spectrometry results for derivatised nonenal lysine-pyridinium adducts using EZ:faast

method and RPLC-FTMS.

Adduct Type of Adduct | Elemental formula | RDB Rt (min) Ob;e/rzved I;D)E)Ir:]a

lysine Lysine a.a. C17H3306N, 25 7.89 min 361.2324 -1557
Non-pyr-517 Lys-pyr (-2H) C31Hs304N; 6.5 10.55, 11.22, 12.94, 13.78min 517.40015 -0.976
Non-pyr-519 Lys-pyr C31Hs504N; 55 14.14 min 519.41522 -0.799
Non-pyr-521 Lys-pyr (+2H) Cz1Hs704N; 45 12.81, 14.00, 14.44, 15.80min 521.43201 1.390
Non-pyr-523 Lys-pyr (+4H) C31Hs004N; 35 13.46, 14.15, 15.06, 16.21min 523.44702 0.162
Non-pyr-525 Lys-pyr (+6H) C31He104N; 25 14.46, 15.57 min 525.46295 0.695
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Table 6-8: Full scan mass spectrometry results for the derivatised Lys-2-alkenal adducts in the non
reduced protein samples using EZ:faast method and RPLC-FTMS.

Adduct Type of Adduct | Elemental formula | RDB | R;Control (min) R (min) Observed m/z | Delta ppm
Acr-pyr-349 Lys-pyr (-2H) CaoHasOuN, 6.5 N/A N/A N/A N/A
Acr-pyr-351 Lys-pyr CioHz10:N; 55 2.77 min N/A N/A N/A

Adduct Type of Adduct | Elemental formula | RDB | R;Control (min) R; (min) Observed m/z | Delta ppm
Cro-pyr-377 Lys-pyr (-2H) Ca1H3304N; 6.5 N/A N/A N/A N/A
Cro-pyr-379 Lys-pyr C21H3s04N; 55 3.08 min 2.94 min 379.2587 -1.146

Adduct Type of Adduct | Elemental formula | RDB | R;Control (min) R (min) Observed m/z | Delta ppm
Pne-pyr-405 Lys-pyr (-2H) Ca3H3704N; 6.5 3.41 min 3.43 min 405.27444 -0.85
Pne-pyr-407 Lys-pyr Ca3H3904N; 55 3.56 min 3.32min 407.29007 -0.895

Adduct Type of Adduct | Elemental formula | RDB | R;Control (min) R; (min) Observed m/z | Delta ppm

4.14 min 4.01 min 433.3053 -1.811
Hxe-pyr-433 Lys-pyr (-2H) CasHa104N, 6.5 4.75 min 4.48 min 433.30521 -2.019

5.17 min 4.83 min 433.3053 -1.811

4.40 min 4.16 min 435.32077 -2.216
Hxe-pyr-435 Lys-pyr C25H1304N; 55 - -

5.35 min 5.03 min 435.32053 -2.768

Adduct Type of Adduct | Elemental formula | RDB | R;Control (min) R (min) Observed m/z | Delta ppm

5.38 min 5.60 min 461.33624 -2.482

6.19 min 6.66 min 461.33636 -2.221
Hpe-pyr-461 Lys-pyr (-2H) CyHa504N; 6.5 - -

7.28 min 7.33min 461.33633 -2.286

8.06 min N/A N/A N/A

6.53 min 5.86 min 463.35178 -2.708
Hpe-pyr-463 Lys-pyr C27H4704N; 55 - -

8.40 min 7.62 min 463.35181 -2.644

Adduct Type of Adduct | Elemental formula | RDB | R;Control (min) R (min) Observed m/z | Delta ppm

10.55 min 10.63 min 517.39856 -2.754

11.22 min 12.34 min 517.39874 -2.407
Nne-pyr-517 Lys-pyr (-2H) Ca1Hs304N; 6.5 - -

12.94 min 13.20 min 517.39856 -2.754

13.78 min N/A N/A N/A
Nne-pyr-519 Lys-pyr Ca1Hs504N; 55 14.14 min 10.98 519.41418 -2.802
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Figure 6.7: Reduction steps for the pyridinium adduct followed by acid hydrolysis with 6N HCI. Different
possible isomers and reduction levels have been suggested.
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Figure 6.9: Proposed cyclisation process for arginine adducts within the protein molecule which result in
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Table 6-9: Percentage of Amino Acids in Human Serum Albumin.
HUMAN SERUM ALBUMIN sequence 1-609, mwt=69366 ¢

amivanciss | TG0 | Qe | MO e [ SR %in o abumin
olarity Acidity
Lysine LYS K 60 146.1 polar basic 9.85
Arginine ARG R 27 1742 | polar (sttr)griigcly) 443
Histidine HIS H 16 1551 | polar (V\t/):asli?y) 263
Alanine ALA A 63 89.1 | nonpolar neutral 10.34
Aspartic acid ASP D 36 133.1 polar acidic 591
Glutamic acid GLU E 62 147.1 polar acidic 10.18
Glycine GLY G 13 75.1 | nonpolar neutral 213
Methionine MET M 7 149.2 | nonpolar neutral 1.15
Tryptophan TRP w 2 204.2 | nonpolar neutral 0.33
Valine VAL \Y 43 117.1 | nonpolar neutral 7.06
Threonine THR T 29 119.1 polar neutral 4.76
Phenylalanine PHE F 35 165.2 | nonpolar neutral 5.75
Iso-leucine ILE | 9 131.2 | nonpolar neutral 1.48
Serine SER S 28 105.1 polar neutral 4.60
Leucine LEU L 64 131.2 | nonpolar neutral 10.51
Tyrosine TYR Y 19 181.2 polar neutral 3.12
Asparagine ASN N 17 132.1 polar neutral 2.79
Glutamine GLN Q 20 146.2 polar neutral 3.28
Cysteine CYS Cc 35 121.2 polar neutral 5.75
Proline PRO P 24 115.1 | nonpolar neutral 3.94
Total amino acid residues = 609 69366 Da
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Table 6-10: Estimated LOD and LOQ for the derivatised acrolein adducts using EZ:faast method and

RPLC-FTMS.
LOD LOQ
% of : % of Initial amount of LOD Initial amount of LOQ
Adduct amino acid | adduct to conc. albmuin in 10 pl conc. protein in 10 pl
in HSA amino acid | mg/ml into LC-MS (ng) (ng) mg/ml into LC-MS (ng) o)
lysine 9.850 X 0.050 13.095 1.290 0.050 13.095 1.290
Acr-Lys-M 9.850 0.249 1.000 261.900 0.064 1.000 261.900 0.064
Acr-Lys-S 9.850 0.015 2.000 548.000 0.008 2.500 654.750 0.010
Acr-pyr-349 9.850 2.096 N/A N/A N/A N/A N/A N/A
Acr-pyr-351 9.850 4.407 0.100 26.190 0.114 0.250 65.475 0.284
Acr-pyr-353 9.850 3.322 0.100 26.190 0.086 0.250 65.475 0.214
Acr-pyr-355 9.850 10.732 0.050 13.095 0.138 0.100 26.190 0.277
Acr-pyr-357 9.850 5.552 0.050 13.095 0.072 0.100 26.190 0.143
Acr-FDP-371 9.850 9.193 0.050 13.095 0.119 0.250 65.475 0.593
Arginine 4.430 X 0.050 13.095 0.580 0.050 13.095 0.580
Acr-Arg-M 4.430 0.081 2.000 523.800 0.019 2.000 523.800 0.019
Acr-Arg-S 4.430 0.028 2.000 523.800 0.006 2.500 654.750 0.008
Histidine 2.627 X 0.050 13.095 0.344 0.050 13.095 0.344
Acr-His-M 2.627 37.000 0.250 65.475 0.636 0.500 130.950 1.273
Table 6-11: Estimated LOD and LOQ for the derivatised crotanaldehyde using EZ:faast method and
RPLC-FTMS.
LOD LOQ
% of : % of Initial amount of LOD Initial amount of LOQ
Adduct amino acid | adduct to conc. albmuin in 10 pl conc. protein in 10 pl
in HSA amino acid mg/ml into LC-MS (ng) (ng) mg/ml into LC-MS (ng) (ng)
lysine 9.850 X 0.050 13.095 1.290 0.050 13.095 1.290
Cro-Lys-M 9.850 0.513 0.100 26.190 0.013 0.250 65.475 0.033
Cro-Lys-S 9.850 0.081 0.100 26.190 0.002 0.250 65.475 0.005
Cro-pyr-377 9.850 0.001 N/A N/A N/A N/A N/A N/A
Cro-pyr-379 9.850 0.260 0.100 26.190 0.007 0.500 130.950 0.034
Cro-pyr-381 9.850 1.235 0.050 13.095 0.016 0.100 26.190 0.032
Cro-pyr-383 9.850 3.258 0.050 13.095 0.042 0.100 26.190 0.084
Cro-pyr-385 9.850 1421 0.050 13.095 0.018 0.100 26.190 0.037
Cro-FDP-399 9.850 0.113 0.500 130.950 0.015 1.000 261.900 0.029
Arginine 4.430 X 0.050 13.095 0.580 0.050 13.095 0.580
Cro-Arg-M 4.430 1.833 0.250 65.475 0.053 0.500 130.950 0.106
Cro-Arg-S 4.430 2.200 0.500 130.950 0.128 1.000 261.900 0.255
Histidine 2.627 X 0.050 13.095 0.344 0.050 13.095 0.344
Cro-His-M 2.627 19.420 0.100 26.190 0.134 0.250 65.475 0.334
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Table 6-12: Estimated LOD and LOQ for the derivatised 2-pentenal adducts using EZ:faast method and

RPLC-FTMS.
LOD LOQ

% of : % of Initial amount of LOD Initial amount of LOQ

Adduct amino acid | adduct to conc. albmuin in 10 pl conc. protein in 10 pl
in HSA amino acid | mg/ml into LC-MS (ng) (ng) mg/ml into LC-MS (ng) o)
lysine 9.850 X 0.050 13.095 1.290 0.050 13.095 1.290
Pne-Lys-M 9.850 0.666 0.250 65.475 0.043 0.500 130.950 0.086
Pne-Lys-S 9.850 0.133 0.100 26.190 0.003 0.500 130.950 0.017
Pne-pyr-405 9.850 0.077 0.500 130.950 0.010 1.000 261.900 0.020
Pne-pyr-407 9.850 2.242 0.050 13.095 0.029 0.100 26.190 0.058
Pne-pyr-409 9.850 0.196 2.000 523.800 0.101 2.000 523.800 0.101
Pne-pyr-411 9.850 2.122 0.050 13.095 0.027 0.250 65.475 0.137
Pne-pyr-413 9.850 0.424 0.100 26.190 0.011 0.250 65.475 0.027
Pne-FDP-427 9.850 1.956 0.050 13.095 0.025 0.100 26.190 0.050
Arginine 4.430 X 0.050 13.095 0.580 0.050 13.095 0.580
Pne-Arg-M 4.430 3.342 0.250 65.475 0.097 0.500 130.950 0.194
Pne-Arg-S 4.430 3.354 0.250 65.475 0.097 0.500 130.950 0.195
Histidine 2.627 X 0.050 13.095 0.344 0.050 13.095 0.344
Pne-His-M 2.627 36.150 0.050 13.095 0.124 0.250 65.475 0.622

Table 6-13: Estimated LOD and LOQ for the derivatised 2-hexenal adducts using EZ:faast method and

RPLC-FTMS.
LOD LOQ

% of : % of Initial amount of LOD Initial amount of LOQ

Adduct amino acid | adduct to conc. albmuin in 10 pl conc. protein in 10 pl
in HSA amino acid | mg/ml into LC-MS (ng) (ng) mg/ml into LC-MS (ng) (ng)
lysine 9.850 X 0.050 13.095 1.290 0.050 13.095 1.290
Hxe-Lys-M 9.850 0.905 0.050 13.095 0.012 0.100 26.190 0.023
Hxe-Lys-S 9.850 0.286 0.100 26.190 0.007 0.250 65.475 0.018
Hxe-pyr-433 9.850 0.012 0.500 130.950 0.002 1.000 261.900 0.003
Hxe-pyr-435 9.850 1.802 0.050 13.095 0.023 0.100 26.190 0.046
Hxe-pyr-437 9.850 2.600 0.050 13.095 0.034 0.250 65.475 0.168
Hxe-pyr-439 9.850 3.036 0.050 13.095 0.039 0.100 26.190 0.078
Hxe-pyr-441 9.850 0.230 0.100 26.190 0.006 0.500 130.950 0.030
Hxe-FDP-455 9.850 0.889 1.000 261.900 0.229 2.000 523.800 0.459
Arginine 4.430 X 0.050 13.095 0.580 0.050 13.095 0.580
Hxe-Arg-M 4.430 6.606 0.050 13.095 0.038 0.250 65.475 0.192
Hxe-Arg-S 4.430 2.036 0.050 13.095 0.012 0.250 65.475 0.059
Histidine 2.627 X 0.050 13.095 0.344 0.050 13.095 0.344
Hxe-His-M 2.627 43.858 0.050 13.095 0.151 0.100 26.190 0.302
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Table 6-14: Estimated LOD and LOQ for the derivatised 2-heptenal adducts using EZ:faast method and

RPLC-FTMS.
LOD LOQ

% of : % of Initial amount of LOD Initial amount of LOQ

Adduct amino acid | adduct to conc. albmuin in 10 pl conc. protein in 10 pl
in HSA amino acid | mg/ml into LC-MS (ng) (ng) mg/ml into LC-MS (ng) o)
lysine 9.850 X 0.050 13.095 1.290 0.050 13.095 1.290
Hpe-Lys-M 9.850 0.874 0.250 65.475 0.056 0.500 130.950 0.113
Hpe-Lys-S 9.850 0.172 0.100 26.190 0.004 0.500 130.950 0.022
Hpe-pyr-461 9.850 0.239 0.500 130.950 0.031 1.000 261.900 0.062
Hpe-pyr-463 9.850 6.222 0.050 13.095 0.080 0.050 13.095 0.080
Hpe-pyr-465 9.850 1.851 0.250 65.475 0.119 0.500 130.950 0.239
Hpe-pyr-467 9.850 3.902 0.050 13.095 0.050 0.250 65.475 0.252
Hpe-pyr-469 9.850 0.558 0.250 65.475 0.036 0.500 130.950 0.072
Hpe-FDP-483 9.850 3.419 0.100 26.190 0.088 0.250 65.475 0.221
Arginine 4.430 X 0.050 13.095 0.580 0.050 13.095 0.580
Hpe-Arg-M 4.430 12.179 0.100 26.190 0.141 0.250 65.475 0.353
Hpe-Arg-S 4.430 0.001 N/A N/A N/A N/A N/A N/A
Histidine 2.627 X 0.050 13.095 0.344 0.050 13.095 0.344
Hpe-His-M 2.627 88.000 0.050 13.095 0.303 0.050 13.095 0.303

Table 6-15: Estimated LOD and LOQ for the derivatised 2-nonenal adducts using EZ:faast method and

RPLC-FTMS.
LOD LOQ

% of : % of Initial amount of LOD Initial amount of LOQ

Adduct amino acid | adduct to conc. albmuin in 10 pl conc. protein in 10 pl
in HSA amino acid | mg/ml into LC-MS (ng) (ng) mg/ml into LC-MS (ng) (ng)
lysine 9.850 X 0.050 13.095 1.290 0.050 13.095 1.290
Nne-Lys-M 9.850 0.480 0.250 65.475 0.031 0.500 130.950 0.062
Nne-Lys-S 9.850 0.099 0.500 130.950 0.013 2.000 523.800 0.051
Nne-pyr-517 9.850 0.121 1.000 261.900 0.031 2.000 523.800 0.062
Nne-pyr-519 9.850 2.577 0.100 26.190 0.066 0.250 65.475 0.166
Nne-pyr-521 9.850 0.806 0.250 65.475 0.052 1.000 261.900 0.208
Nne-pyr-523 9.850 1.003 0.500 130.950 0.129 1.000 261.900 0.259
Nne-pyr-525 9.850 0.164 1.000 261.900 0.042 2.000 523.800 0.085
Nne-FDP-539 9.850 1.426 0.250 65.475 0.092 0.500 130.950 0.184
Arginine 4.430 X 0.050 13.095 0.580 0.050 13.095 0.580
Nne-Arg-M 4.430 8.000 0.100 26.190 0.093 0.500 130.950 0.464
Nne-Arg-S 4.430 1.590 0.250 65.475 0.046 1.000 261.900 0.184
Histidine 2.627 X 0.050 13.095 0.344 0.050 13.095 0.344
Nne-His-M 2.627 54.000 0.050 13.095 0.186 0.050 13.095 0.186
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Table 6-16: MS? results for different amino acids obtained using data dependent acquisition operating in
the positive mode with ESI-CID-FTMS/MS. The most dominant fragment is highlighted in red.

. . Elemental Observed . Fragment Chemical Delta . Mass
A AETE Formula+1H* Mass (m/z) Re(min) (m/2) Formula ppm RifERESIy Loss
149.059 C9 H9 02 -1.518 6.92E+05 17.027
131.049 C9H701 -1.614 7.10E+05 35.037
Phenylalanine C9H12NO2 166.086 8.57
120.080 C8 H10 N1 -2.382 2.68E+07 46.006
107.049 C7H701 -1.976 3.53E+04 59.037
. 86.096 C5H12 N1 -2.509 1.34E+07 46.006
LELI‘C'”‘?' Iso- C6H14NO2 132.102 %’%56’
eucine : 69.070 C5 H9 2272 221E+05  -69.070
188.070 C11H10 02N -1.782 6.99E+06 17.026
Tryptophan C11H13N202 205.097 9.11 159.091 C10 H11 N2 -1.225 8.28E+03 46.005
146.060 COH8ON -1.578 4.33E+04 59.037
133.032 C5 H9 02s1 -1.939 9.85E+06 17.026
115.099 C6 H13 O1 N1 -1.456 6.82E+05 34.959
150.058 104.053 C4 H10 N1S1 -2.189 2.40E+06 46.005
Methionine C5H12NO2S ' 9.90
102.055 C4H80O2N -2.205 9.38E+04 48.003
87.026 C4 H7S1 -2.857 1.78E+04 63.032
56.049 C3 H6 N1 -2.780 2.86E+05 94.009
72.081 C4 H10 N1 -2.580 4.62E+06 46.005
Valine C5H12NO2 118.086 10.46
55.054 C4 H7 -3.031 3.58E+04 63.032
165.054 C9H9 03 -2.065 1.86E+07 17.027
147.044 C9 H7 02 -1.402 5.41E+05 35.037
Tyrosine C9H12NO3 182.081 10.50
136.075 C8 H10 O1 N1 -1.474 4.69E+06 46.006
123.044 C7 H7 02 -1.675 1.82E+05 59.037
Proline C5H10NO2 116.071 11.49 70.065 C4 H8 N1 -2.796 9.21E+05 46.006
Alanine C3H8NO2 90.055 11.89 X X X X X
130.050 C5 H8 O3 N1 -1.921 3.44E+06 18.011
Glutamic acid C5H10NO4 148.060 12.05 102.055 C4 H8 02 N1 -2.207 5.24E+05 46.006
84.044 C4 H6 O1 N1 -1.909 2.04E+05 64.016
114.055 C5 H8 02 N1 -2.413 5.43E+04 18.011
4-hydroxyproline C5H10NO3 132.066 12.13 86.060 C4 H8 O1 N1 -2.679 9.77E+05 46.006
68.049 C4 H6 N1 -2.731 2.70E+04 64.016
102.055 C4 H8 02 N1 -2.598 8.27E+05 18.011
84.044 C4 H6 O1 N1 -2.861 1.24E+04 36.021
Threonine C4H10NO3 120.066 12.60
74.060 C3H8 O1 N1 -2.573 4.52E+05 46.006
56.049 C3 H6 N1 -2.959 2.00E+04 64.016
116.034 C4 H6 O3 N1 -2.325 8.15E+05 18.011
88.039 C3 H6 02 N1 -2.443 7.08E+05 46.006
Aspartic acid C4HBNO4 134.045 12.91
74.023 C2H4 02 N1 -2.365 3.12E+05 60.021
70.029 C3H4 O1 N1 -2.290 1.13E+04 64.016
Serine C3H8NO3 106.050 13.70 88.039 C3 H6 02 N1 -2.443 4.60E+04 18.011
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60.044 C2 H6 01 N1 2339 8.13E+04  46.006
138.066 C6 H8 01 N3 -1.076  9.33E+03  18.011
110.071 C5 H8 N3 1489  2.83E+06  46.006
Histidine CBH10N302 156.077 18.87
95.060 C5 H7 N2 1734 7.46E+04  61.017
83.060 C4 H7 N2 -1.744  6.19E+03  73.017
158.092  C6H1202N3  -1.729  9.60E+05  17.027
157.108 C6H1301N4 -1.004  430E+05  18.011
140.082  C6H100O1N3  -1.204  3.08E+04  35.037
130.097  C5H1201N3  -1527  3.27E+05  45.022
Arginine C6H15N402 175.119 19.59 116.070  C5H1002N1  -1.855  4.69E+05  59.049
112.087 C5 H10 N3 -1.820  351E+04  63.032
98.060 C5 H8 01 N1 2045  A479E+03  77.059
70.065 C4 H8 N1 -1.797  5.10E+04  105.054
60.056 C1 H6 N3 2062  110E+05  115.063
130.086  C6H1202N1  -1502  3.03E+06  17.027
Lysine C6H15N202 147.113 19.90 129.102 C6H13N201 -1237  357E+05 18,011
84.081 C5 H10 N1 -1.617  7.86E+04  63.032
145097  C6H1302N2  -1.202  1.74E+06  18.011
132.081 C9 H10 N1 2014  171E+03  31.027
128070  C6H1002N1  -1.447  7.56E+05  35.037
Hydroxylysine C6H15N203 163.108 20.50
117.102  C5H1301N2  -1706  3.63E+03  46.006
100.076 ~ C5H1001N1  -1.805  1.07E+04  63.032
82.065 C5 H8 N1 -1534  2.82E+03  81.043
Table 6-17: Mass spectrometric results for Acr-Lys-pyridinium adducts using HILIC-FTMS.
Adduct Type of Adduct Elemental formula RDB R: control (min) Observed m/z | Delta ppm
Lysine Lysine a.a. CeH15N20; 0.5 19.47 147.11249 -1.04
Acr-pyr-221 Lys-pyr (-2H) N/A N/A N/A N/A 0.37
Acr-pyr-223 Lys-pyr C12H190:N 45 18.83 223.14410 -0.85
Acr-pyr-225 Lys-pyr (+2H) C12H210:N, 35 16.65, 18.91 225.15975 2.27
Acr-pyr-227 Lys-pyr (+4H) CioH20:N, 25 16.41 227.17540 -0.76
Acr-pyr-229 Lys-pyr (+6H) C12H250:N; 15 16.57 229.19105 -1.02
Table 6-18: Mass spectrometric results for Cro-Lys-pyridinium adducts using HILIC-FTMS.
Adduct Type of Adduct Elemental formula RDB R; control (min) Observed m/z | Delta ppm
Lysine Lysine a.a. CgH1sN20, 0.5 19.47 147.11249 -0.82
Cro-pyr-249 Lys-pyr (-2H) C14H2102N, 55 17.78 249.15975 -0.90
Cro-pyr-251 Lys-pyr C14H230:N, 45 17.6 251.17540 0.98
Cro-pyr-253 Lys-pyr (+2H) C14H250:N, 35 16.58, 17.46 253.19105 -1.07
Cro-pyr-255 Lys-pyr (+4H) CuH20:N, 25 13.52,14.00 255.20670 -1.15
Cro-pyr-257 Lys-pyr (+6H) C14H2002N, 15 14.32 257.22235 -1.23
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Table 6-19: Mass spectrometric results for Pne-Lys-pyridinium adducts using HILIC-FTMS.

Adduct Type of Adduct Elemental formula RDB R; control (min) Observed m/z | Delta ppm

Lysine Lysine a.a. CeH15N20, 0.5 19.47 147.11249 1.03
Pne-pyr-277 Lys-pyr (-2H) Ci6H2502N, 55 13.67, 14.57 277.19105 -1.59
Pne-pyr-279 Lys-pyr C1sH270;N; 4.5 13.85, 14.57 279.20670 -1.30
Pne-pyr-281 Lys-pyr (+2H) C1H290;N, 35 | 12.16,13.69, 14.89 281.22235 0.66
Pne-pyr-283 Lys-pyr (+4H) C1H310:N, 25 11.84 283.23800 -1.63
Pne-pyr-285 Lys-pyr (+6H) C16H330:N; 15 11.91 285.25365 -1.81
Table 6-20: Mass spectrometric results for Hxe-Lys-pyridinium adducts using HILIC-FTMS.

Adduct Type of Adduct Elemental formula RDB R; control (min) Observed m/z | Delta ppm

Lysine Lysine a.a. CsH1sN20, 0.5 19.47 147.11249 0.73
Hxe-pyr-305 Lys-pyr (-2H) Ci1sH2002N, 5.5 11.65 305.22235 -1.45
Hxe-pyr-307 Lys-pyr Ci1sH3102N, 4.5 11.6 307.23800 -0.86
Hxe-pyr-309 Lys-pyr (+2H) Ci5H3302N, 35 11.6 309.25365 -1.04
Hxe-pyr-311 Lys-pyr (+4H) Ci1sH3502N, 2.5 10.95 311.26930 0.41
Hxe-pyr-313 Lys-pyr (+6H) C15H3702N, 15 10.87 313.28495 -1.32
Table 6-21: Mass spectrometric results for Hpe-Lys-pyridinium adducts using HILIC-FTMS.

Adduct Type of Adduct Elemental formula RDB R; control (min) Observed m/z | Delta ppm

Lysine Lysine a.a. CsH1sN20, 0.5 19.47 147.11249 -1.66
Hpe-pyr-333 Lys-pyr (-2H) CaH3302N, 55 10.6 333.25365 2.10
Hpe-pyr-335 Lys-pyr C2oH3502N, 4.5 10.52 335.26930 0.78
Hpe-pyr-337 Lys-pyr (+2H) CaoH370,N, 35 10.64 337.28495 0.55
Hpe-pyr-339 Lys-pyr (+4H) CaHzs0:2N, 25 10.24 339.30060 1.51
Hpe-pyr-341 Lys-pyr (+6H) C20H4102N, 15 9.99 341.31626 1.06
Table 6-22: Mass spectrometric results for Nne-Lys-pyridinium adducts using HILIC-FTMS.

Adduct Type of Adduct Elemental formula RDB R: control (min) Observed m/z | Delta ppm

Lysine Lysine a.a. CsH1sN20, 0.5 19.47 147.11249 -1.40
Nne-pyr-389 Lys-pyr (-2H) C24H4,0:N, 5.5 9.97 389.31626 0.26
Nne-pyr-391 Lys-pyr C24H4302N, 4.5 9.83 391.33191 -0.54
Nne-pyr-393 Lys-pyr (+2H) Ca4H1s02N; 35 9.67 393.34756 -0.87
Nne-pyr-395 Lys-pyr (+4H) C24H4702N; 25 9.26 395.36321 -1.10
Nne-pyr-397 Lys-pyr (+6H) C24H4902N, 15 N/A N/A N/A
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Table 6-23: MS results for different Lys-pyridinium adducts in non reduced protein samples using
HILIC-FTMS. All the results were within 1.5 ppm of the theoretical masses. N=4.

Adduct Imeug{ Eflglr"r;:aslgl RDB Ri ((;:m)r ol Rt (min) Observed m/z | Average Peak area
Acr-pyr-221 | Lys-pyr (-2H) N/A N/A N/A N/A N/A N/A
Acr-pyr-223 Lys-pyr C12H150:N; 45 18.83 18.89 223.14410 79799347
Cro-pyr-249 | Lys-pyr (-2H) CuH2O:N, 55 17.78 17.39 249.15975 378831
Cro-pyr-251 Lys-pyr CuH2:0:N, 45 17.6 17.3 251.17540 22892827
Pne-pyr-277 | Lys-pyr (-2H) C1sH250:N, 55 | 13.67,14.57 14.46 277.19105 10667562
Pne-pyr-279 Lys-pyr C16H2702N; 45 13.85, 14.57 14.41 279.20670 3591891
Hxe-pyr-305 | Lys-pyr (-2H) C1sH200:N, 55 11.65 11.8 305.22235 31274628
Hxe-pyr-307 Lys-pyr CigHz02N; 45 116 11.8 307.23800 8959161
Hpe-pyr-333 | Lys-pyr (-2H) CaH3302N, 55 10.6 10.95 333.25365 96612805
Hpe-pyr-335 Lys-pyr CaoHzs0:N, 45 10.52 10.77 335.26930 14853961
Non-pyr-389 | Lys-pyr (-2H) CaHi 02N, 55 9.97 9.9 389.31626 4034860
Non-pyr-391 Lys-pyr Ca4H4302N, 4.5 9.83 9.54 391.33191 712219

Table 6-24: MS? for different 2-alkenal adducts using ZIC-HILIC column coupled to ESI-CID-
FTMS/MS. The results obtained using data dependent acquisition mode.
Adduct Eff;",f&?' OtErS:/Zr\;ed Ri &?m)r el Fragment (m/z) | Chemical formula nglr;[? Mass loss
205.15467 160.13295 CgH150,N; -1.595 45.02172
205.15467 130.08606 CsH1,0,N; -15 75.06861
Acr-Lys-M CgH21N,05 18.67
205.15467 188.12788 CgH1503N; -1.275 17.02679
205.15467 84.08057 CsHioN; -2.449 121.0741
223.1441 130.08607 CsH1,0,N; -1.423 93.05803
223.1441 94.06496 CesHsNy -1.763 | 129.07914
Acr-pyr-223 C12H1902N; 19.6
223.1441 84.08065 CsHioN; -1.497 | 139.06345
223.1441 178.12257 C11H1601N; -0.397 45.02153
227.1754 182.15372 C11H200;N1 -1.212 45.02168
227.1754 159.11261 C7H150;N, -1.221 68.06279
227.1754 142.08609 C7H1,0,N, -1.162 85.08931
Acr-pyr-227 C12H2302N; 16.41
227.1754 130.08601 CsH1,0,N; -1.885 97.08939
227.1754 98.09618 CeHi12N; -2.507 | 129.07922
227.1754 84.08058 CsHioN; -2.33 143.09482
229.19105 184.16948 C11H2,01N; -0.602 45.02157
229.19105 130.08609 CsH1,0,N; -1.27 99.10496
Acr-pyr-229 Ci2H250:N; 16.57
229.19105 100.11192 CsH14N; -1.558 | 129.07913
229.19105 84.0806 CsHioN; -2.092 | 145.11045
243.17032 225.15956 Ci2H2102N; -0.864 18.01076
Acr-FDP-243 Ci2H2303N; 243.17032 18.18 198.14874 C11H2002N; -0.582 45.02158
243.17032 180.13815 C11H1501N; -0.781 63.03217
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243.17032 159.11264 C7H15s0:N; -1.032 84.05768
243.17032 150.12756 C1oH16N: -1.106 | 93.04276
243.17032 142.08611 C7H12.0:N; -1.022 | 101.08421
243.17032 130.08606 CsH1,02N; -15 113.08426
243.17032 114.09114 CsH120:N; -1.758 | 129.07918
243.17032 98.09625 CeH12Ny -1.794 | 145.07407
243.17032 96.08062 CgHi1oNy -1.623 | 147.0897
243.17032 84.08064 CsHioN; -1.616 | 159.08968
245.18568 227.17537 C12H2302N; -0.152 | 18.01031
245.18568 200.16435 C11H20,N; -0.777 45.02133
Acr-FDP-245 C12H2503N; 245.18568 18.72 130.08615 CsH1,0,N -0.808 | 115.09953
245.18568 116.10686 CsH1401N; -1.125 | 129.07882
245.18568 98.09626 CeH12Ny -1.692 | 147.08942
214.11862 170.12851 CsH1601N3 -1.638 | 43.99011
214.11862 168.11282 CsH1.0:N; -1.895 46.0058
Acr-His-M CoH16N304 18.02
214.11862 153.10199 CsH130:1N, -1.63 61.01663
214.11862 141.10201 C7H150:N; -1.627 73.01661
219.17032 174.14861 CoH200,N; -1.409 45.02171
219.17032 156.138 CoH1501N; -1.862 | 63.03232
Cro-Lys-M C10H23N203 219.17032 17.95 130.08598 CsH120,N; -2.115 | 89.08434
219.17032 90.09113 C4H1,0:1N; -2.337 | 129.07919
219.17032 84.08056 CsHioN; -2.568 | 135.08976
Cro-Lys-S CioH2:1N20, 201.15975 15.85 130.086 CsH1,0,N; -1.961 71.07375
251.1754 206.15396 C13H2001N; 0.093 | 45.02144
251.1754 130.08618 CsH1,0,N; -0.578 | 121.08922
Cro-pyr-251 C14H230:N; 17.06
251.1754 122.09632 CsH1,N; -0.868 | 129.07908
251.1754 84.08069 CsH1oNy -1.022 | 167.09471
228.13427 182.12869 CyH160N3 -0.542 | 46.00558
Cro-His-M Ci10H18N305 17.28
228.13427 167.1178 CgH150:1N; -0.536 61.01647
233.18597 188.16428 Ci1oH2,02N; -1.198 45.02169
Pre-Lys-M L0, 233.18597 16.6177, i;m’ 130.08601 CsH1,02N; -1.885 | 103.09996
233.18597 : 104.10681 CsH140:N; -1.735 | 129.07916
233.18597 84.0806 CsHioN; -2.092 | 149.10537
242.14992 198.15987 Ci0H2001N3 -1.104 43.99005
242.14992 196.14423 CioH1501N; -1.064 46.00569
242.14992 181.13335 C10H1;0:1N; -1.047 61.01657
Pne-His-M Ci11H20N303 242.14992 16.71 169.13335 CyH1;0:N, -1.122 73.01657
242.14992 156.07655 CsH1002N3 -1.301 | 86.07337
242.14992 112.08671 CsH1oNs -1.908 | 130.06321
242.14992 110.07106 CsHgN; -1.943 | 132.07886

211




242.14992 95.0602 CsH/N, -1.839 | 147.08972
277.19105 232.16965 Ci5H2,01N; 0.255 45.0214
277.19105 148.11195 CioH14N1 -0.851 129.0791
Pnr-pyr-277 C16H250:N, 13.57, 14.57
277.19105 130.0862 CsH1,0,N; -0.424 | 147.10485
277.19105 84.08071 CsHioN; -0.784 | 193.11034
279.2067 234.18529 C15H2401N; 0.21 45.02141
279.2067 150.12759 CioH16N1 -0.906 | 129.07911
Pnr-pyr-279 C1sH270;N, 279.2067 13.85, 14.57 130.08621 CesH120,N; -0.347 | 149.12049
279.2067 166.08626 CgH1,0,N; 0.029 | 113.12044
279.2067 120.08068 CgHioN; -0.799 | 159.12602
229.19105 212.16409 Ci2H2,0,N; -1.958 17.02696
229.19105 184.16943 C11H2,01N; -0.873 45.02162
Hxe-Lys-S Ci2H25N20, 12.48
229.19105 130.08606 CsH1,0,N; -1.5 99.10499
229.19105 84.0806 CsHioN; -2.092 | 145.11045
305.22235 260.20087 C17H2601N; -0.081 45.02148
305.22235 244.20607 Ci7H26N, 0.383 61.01628
Hxe-pyr-305 CigH200:2N; 305.22235 11.6 189.18419 C11H250, -3.788 | 116.03816
305.22235 176.14328 C12H1gN1 -0.546 | 129.07907
305.22235 130.08621 CsH1,0,N; -0.347 | 175.13614
307.238 262.21622 C17H250:1N; -1.224 45.02178
Hxe-pyr-307 CisH3:02N; 307.238 11.6 178.15874 Ci2Hz0N; -1.606 | 129.07926
307.238 130.08604 CsH120,N; -1.654 | 177.15196
327.26422 309.25336 CisH3302N; -0.953 18.01086
327.26422 282.24255 Ci7H3,02N; -0.729 45.02167
327.26422 198.18515 C12H2401N; -0.459 | 129.07907
Hxe-FDP-327 CisH3503N; 12.08
327.26422 180.17458 CioH2N, -0.534 | 147.08964
327.26422 142.08611 C7H12,0,N; -1.022 | 185.17811
327.26422 130.08614 CsH1,0,N; -0.885 | 197.17808
243.2067 198.18565 Ci2H2401N; 2.064 45.02105
Hpe-Lys-S Ci3H27/N20, 243.2067 11.84 147.11301 CsH150,N, 1.399 96.09369
243.2067 130.08638 CsH1,0,N; 0.96 113.12032
333.25365 288.23221 Ci9H3001N; 0.066 45.02144
333.25365 272.23721 CigH3oN; -0.244 | 61.01644
Hpe-pyr-333 C20H3302N; 10.6
333.25365 204.17462 C1aH2N; -0.276 | 129.07903
333.25365 130.08623 CsH1,0,N; -0.193 | 203.16742
355.29552 337.28552 CaoH3702N; 1.675 18.01
355.29552 310.27463 Ci9H360,N; 1.85 45.02089
Hpe-FDP-355 Ca20H3903N; 355.29552 10.48, 11.20 292.26306 Ci9H3401N; -1.475 63.03246
355.29552 253.19077 C14H2502N, -1.124 | 102.10475
355.29552 226.21693 Ci4H250:1N; 1.719 | 129.07859
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355.29552 208.20638 C14H26N;1 1.939 147.08914

355.29552 130.08603 CsH1,02N; -1.731 | 225.20949

355.29552 142.08604 C7H12.0:N; -1.514 | 213.20948

339.3006 294.27994 C19H3601N; 2.714 | 45.02066

339.3006 215.17592 C11H202N;, 2.396 124.12468

Hpe-pyr-339 Ca0H3902N; 10.24

339.3006 210.22215 C14H2sN; 2491 129.07845

339.3006 142.08601 C7H1,0,N; -1.725 | 197.21459

270.18122 226.19131 C12H2401N3 -0.349 43.98991

270.18122 224.17564 C12H2,01N3 -0.441 | 46.00558

270.18122 209.16481 C12H2101N; -0.143 61.01641

Hpe-His-M C13H24N303 270.18122 | 12.71,13.52 156.07668 CsH1002N3 -0.468 | 114.10454
270.18122 112.08678 CsHioN3 -1.284 | 158.09444

270.18122 110.07115 CsHsgN3 -1.125 | 160.11007

270.18122 95.06026 CsH7N; -1.208 | 175.12096

271.238 254.21106 Ci5H250,N; -1.556 17.02694

271.238 226.21629 C14H2501N; -1.11 45.02171

Nne-Lys-S Ci5H3:N20; 271.238 10.96 147.11255 CsH150:N, -1.728 | 124.12545
271.238 84.08056 CsH1oN, -2.568 | 187.15744

271.238 130.08601 CsH1,02N; -1.885 | 141.15199

389.31626 344.29453 Ca3H3s01N; -0.759 | 45.02173

389.31626 328.29977 CasHasN: -0.325 | 61.01649

Nne-pyr-389 C2sHa102N; 389.31626 9.7 307.27518 C19H3501N; 2.57 82.04108
389.31626 260.23697 C1sH3zoN: -1.178 | 129.07929

389.31626 130.08612 CsH1,02N; -1.039 | 259.23014

298.21252 254.22256 Ci14H2501N3 -0.508 43.98996

298.21252 252.20694 C14H2601N3 -0.392 | 46.00558

298.21252 237.19609 C14H2501N; -0.211 61.01643
298.21252 156.07661 CsH1002N3 -0.917 | 142.13591
298.21252 112.08675 CsH1oNs -1.551 | 186.12577

Nne-His-M Ci5H25N30; 11.49

298.21252 110.07112 CsHsgN3 -1.398 188.1414
298.21252 95.06024 CsH7N;, -1.418 | 203.15228

298.21252 281.18588 Ci5H2503N; -0.317 17.02664

298.21252 267.07599 C1sH1103N; -1.605 | 31.13653

298.21252 253.19096 C14H2502N; -0.373 | 45.02156
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Table 6-25: LOD and LOQ for acrolein adducts depending on the results obtained by using PPT method
and HILIC-FTMS method.

LOD LOQ
% of - amount of - amount of
anip | o | ot | b i | s
Adducts Aﬁig'in amino conc. injectehlj on | HOP(9) conc. injecte% on | LOQ(M9)
albumin acid+C74 mg/ml column mg/ml column
(ng) (ng)

Remaining lysine 9.850 15.302 0.001 2.500 0.038 0.001 2.500 0.038
Acr-Lys-M 9.850 2.291 0.010 50.000 0.113 0.100 500.000 1.128
Acr-Lys-S 9.850 0.312 N/A N/A N/A N/A N/A N/A

Acr-pyr-221 9.850 N/A N/A N/A N/A N/A N/A N/A
Acr-pyr-223 9.850 8.785 0.010 50.000 0.433 0.050 250.000 2.163
Acr-pyr-225 9.850 13.675 0.005 25.000 0.337 0.020 100.000 1.347
Acr-pyr-227 9.850 8.418 0.002 10.000 0.083 0.010 50.000 0.415
Acr-pyr-229 9.850 3.629 0.010 50.000 0.179 0.050 250.000 0.894
Acr-FDP-243 9.850 47.588 0.002 10.000 0.469 0.005 25.000 1.172

100 % Lysine 9.850 100.000 0.393 1964.250 193.479 0.393 1964.250 193.479
Remaining Arginine 4.430 100.000 0.001 2.500 0.111 0.002 10.000 0.443
Acr-Arg-M 4.430 N/A N/A N/A N/A N/A N/A N/A
Acr-Arg-S 4.430 N/A N/A N/A N/A N/A N/A N/A

100 % Arginine 4.430 100.000 0.393 1964.250 87.016 0.393 1964.250 87.016
Remaining Histidine 2.627 21.329 0.002 10.000 0.056 0.002 10.000 0.056
Acr-His-M 2.627 78.671 0.002 10.000 0.207 0.010 50.000 1.033
100% Histidine 2.627 100.000 0.393 1964.250 51.601 0.393 1964.250 51.601

Table 6-26: LOD and LOQ for crotanaldehdye adducts depending on the results obtained by using PPT
method and HILIC-FTMS method.

LOD LOQ
% of - amount (_Jf - amount qf
anio | Jao | el | abmuini | b
- A:li:;ipin amino conc. injecteL:j on HOD ) conc. injectelii on He ()
albumin acid+C74 mg/ml column mg/ml column
(ng) (ng)
Remaining lysine 9.850 90.197 0.001 2.500 0.222 0.001 2.500 0.222
Cro-Lys-M 9.850 5.560 0.010 50.000 0.274 0.050 250.000 1.369
Cro-Lys-S 9.850 0.834 0.020 100.000 0.082 0.393 1964.250 1.613
Cro-pyr-249 9.850 N/A N/A N/A N/A N/A N/A N/A
Cro-pyr-251 9.850 1.461 0.050 250.000 0.360 0.393 1964.250 2.826
Cro-pyr-253 9.850 0.760 N/A N/A N/A N/A N/A N/A
Cro-pyr-255 9.850 0.509 0.100 500.000 0.250 0.393 1964.250 0.984
Cro-pyr-257 9.850 0.547 N/A N/A N/A N/A N/A N/A
Cro-FDP-271 9.850 0.133 0.100 500.000 0.066 0.393 1964.250 0.258

100 % Lysine 9.850 100.000 0.393 1964.250 193.479 0.393 1964.250 193.479
Remaining Arginine 4.430 98.814 0.001 2.500 0.109 0.002 10.000 0.438
Cro-Arg-M 4.430 1.094 0.050 250.000 0.121 0.393 1964.250 0.952
Cro-Arg-S 4.430 0.092 0.100 500.000 0.020 0.393 1964.250 0.080

100 % Arginine 4.430 100.000 0.393 1964.250 87.016 0.393 1964.250 87.016
Remaining Histidine 2.627 63.165 0.001 2.500 0.041 0.002 10.000 0.166
Cro-His-M 2.627 36.835 0.002 10.000 0.097 0.010 50.000 0.484
100% Histidine 2.627 100.000 0.393 1964.250 51.601 0.393 1964.250 51.601
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Table 6-27: LOD and LOQ for 2-pentenal adducts depending on the results obtained by using PPT
method and HILIC-FTMS method.

LOD LOQ
% of - amount of N amount of
amiro | 08|, | e
Adducts Aﬁigpi\n amino conc. injectehlj on | 0P (9) conc. injecte% on | LOQ(n9)
e acid+C74 mg/ml column mg/ml column
(ng) (ng)
Remaining lysine 9.850 87.940 0.001 2.500 0.217 0.001 2.500 0.217
Pne-Lys-M 9.850 2.142 0.050 250.000 0.527 0.100 500.000 1.055
Pne-Lys-S 9.850 0.000 0.050 250.000 0.000 0.393 1964.250 0.000
Pne-pyr-277 9.850 N/A N/A N/A N/A N/A N/A N/A
Pne-pyr-279 9.850 3.414 0.050 250.000 0.841 0.393 1964.250 6.605
Pne-pyr-281 9.850 2.904 N/A N/A N/A N/A N/A N/A
Pne-pyr-283 9.850 3.235 0.020 100.000 0.319 0.100 500.000 1.593
Pne-pyr-285 9.850 0.364 0.100 500.000 0.179 0.393 1964.250 0.704
Pne-FDP-299 9.850 N/A 0.100 500.000 N/A 0.393 1964.250 N/A

100 % Lysine 9.850 100.000 0.393 1964.250 193.479 0.393 1964.250 193.479
Remaining Arginine 4.430 99.252 0.001 2.500 0.110 0.001 5.000 0.220
Pne-Arg-M 4.430 0.748 0.020 100.000 0.033 0.393 1964.250 0.651
Pne-Arg-S 4.430 N/A N/A N/A N/A N/A N/A N/A

100 % Arginine 4.430 100.000 0.393 1964.250 87.016 0.393 1964.250 87.016
Remaining Histidine 2.627 53.273 0.001 5.000 0.070 0.002 10.000 0.140
Pne-His-M 2.627 46.727 0.002 10.000 0.123 0.005 25.000 0.307
100% Histidine 2.627 100.000 0.393 1964.250 51.601 0.393 1964.250 51.601

Table 6-28: LOD and LOQ for 2-hexenal adducts depending on the results obtained by using PPT method
and HILIC-FTMS method..

LOD LOQ
% of - amount (_Jf - amount qf
anio | Jao | el | abmuini | abini
PGS A:li:;ipin amino conc. injecteL:j on HOD ) conc. injectelii on He ()
albumin acid+C74 mg/ml column mg/ml column
(ng) (ng)

Remaining lysine 9.850 76.515 0.001 2.500 0.188 0.001 2.500 0.188
Hxe-Lys-M 9.850 1.191 0.050 250.000 0.293 0.393 1964.250 2.304
Hxe-Lys-S 9.850 0.509 0.050 250.000 0.125 0.393 1964.250 0.984
Hxe-pyr-305 9.850 N/A N/A N/A N/A N/A N/A N/A
Hxe-pyr-307 9.850 4.621 0.050 250.000 1.138 0.100 500.000 2.276
Hxe-pyr-309 9.850 8.632 0.020 100.000 0.850 0.393 1964.250 16.700
Hxe-pyr-311 9.850 5.689 0.010 50.000 0.280 0.050 250.000 1.401
Hxe-pyr-313 9.850 0.665 0.100 500.000 0.327 0.393 1964.250 1.286

Hxe-FDP-327 9.850 2.179 0.050 250.000 0.536 0.100 500.000 1.073

100 % Lysine 9.850 100.000 0.393 1964.250 193.479 0.393 1964.250 193.479
Remaining Arginine 4.430 99.763 0.001 2.500 0.110 0.001 5.000 0.221
Hxe-Arg-M 4.430 0.237 0.050 250.000 0.026 0.393 1964.250 0.206
Hxe-Arg-S 4.430 N/A N/A N/A N/A N/A N/A N/A

100 % Arginine 4.430 100.000 0.393 1964.250 87.016 0.393 1964.250 87.016
Remaining Histidine 2.627 85.847 0.001 2.500 0.056 0.001 5.000 0.113
Hxe-His-M 2.627 14.153 0.100 500.000 1.859 0.393 1964.250 7.303
100% Histidine 2.627 100.000 0.393 1964.250 51.601 0.393 1964.250 51.601
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Table 6-29: LOD and LOQ for 2-heptenal adducts depending on the results obtained by using PPT
method and HILIC-FTMS method.

LOD LOQ
% of - amount of N amount of
amiro | 08|, | e
Adducts Aﬁigpi\n amino conc. injectehlj on | 0P (9) conc. injecte% on | LOQ(n9)
e acid+C74 mg/ml column mg/ml column
(ng) (ng)
Remaining lysine 9.850 52.774 0.001 2.500 0.130 0.001 5.000 0.260
Hpe-Lys-M 9.850 0.000 0.050 250.000 0.000 0.393 1964.250 0.000
Hpe-Lys-S 9.850 3.248 0.010 50.000 0.160 0.050 250.000 0.800
Hpe-pyr-333 9.850 N/A N/A N/A N/A N/A N/A N/A
Hpe-pyr-335 9.850 18.015 0.020 100.000 1.774 0.050 250.000 4.436
Hpe-pyr-337 9.850 6.777 0.005 25.000 0.167 0.020 100.000 0.668
Hpe-pyr-339 9.850 9.100 0.010 50.000 0.448 0.050 250.000 2.241
Hpe-pyr-341 9.850 0.680 0.100 500.000 0.335 0.393 1964.250 1.315
Hpe-FDP-355 9.850 9.406 0.010 50.000 0.463 0.050 250.000 2.316

100 % Lysine 9.850 100.000 0.393 1964.250 193.479 0.393 1964.250 193.479
Remaining Arginine 4.430 98.848 0.001 2.500 0.109 0.001 5.000 0.219
Hpe-Arg-M 4.430 0.672 0.050 250.000 0.074 0.393 1964.250 0.585
Hpe-Arg-S 4.430 0.480 0.100 500.000 0.106 0.393 1964.250 0.417

100 % Arginine 4.430 100.000 0.393 1964.250 87.016 0.393 1964.250 87.016
Remaining Histidine 2.627 65.682 0.001 2.500 0.043 0.001 5.000 0.086
Hpe-His-M 2.627 34.318 0.002 10.000 0.090 0.010 50.000 0.451
100% Histidine 2.627 100.000 0.393 1964.250 51.601 0.393 1964.250 51.601

Table 6-30: LOD and LOQ for 2-nonenal adducts depending on the results obtained by using PPT method
and HILIC-FTMS method.

LOD LOQ
% of - amount (_Jf - amount qf
anio | Jao | el | abmuini | abini
FUIIEES A:li:;ipin amino conc. injecteL:j on HOD ) conc. injectelii on He ()
albumin acid+C74 mg/ml column mg/ml column
(ng) (ng)

Remaining lysine 9.850 83.904 0.001 2.500 0.207 0.001 2.500 0.207
Nne-Lys-M 9.850 3.779 0.005 25.000 0.093 0.020 100.000 0.372
Nne-Lys-S 9.850 2.044 0.010 50.000 0.101 0.050 250.000 0.503
Nne-pyr-389 9.850 N/A N/A N/A N/A N/A N/A N/A
Nne-pyr-391 9.850 3.797 0.050 250.000 0.935 0.100 500.000 1.870
Nne-pyr-393 9.850 1.150 0.100 500.000 0.567 0.393 1964.250 2.226
Nne-pyr-395 9.850 1.866 0.100 500.000 0.919 0.393 1964.250 3.611
Nne-pyr-397 9.850 0.055 N/A N/A N/A N/A N/A N/A

Nne-FDP-411 9.850 3.404 0.020 100.000 0.335 0.100 500.000 1.676

100 % Lysine 9.850 100.000 0.393 1964.250 193.479 0.393 1964.250 193.479
Remaining Arginine 4.430 96.086 0.001 2.500 0.106 0.002 10.000 0.426
Nne-Arg-M 4.430 3.669 0.020 100.000 0.163 0.050 250.000 0.406
Nne-Arg-S 4.430 0.246 0.050 250.000 0.027 0.393 1964.250 0.214

100 % Arginine 4.430 100.000 0.393 1964.250 87.016 0.393 1964.250 87.016
Remaining Histidine 2.627 16.214 0.002 10.000 0.043 0.005 25.000 0.106
Nne-His-M 2.627 83.786 0.001 2.500 0.055 0.002 10.000 0.220
100% Histidine 2.627 100.000 0.393 1964.250 51.601 0.393 1964.250 51.601
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