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ABSTRACT

CHEMICAL LABELING STRATEGIES FOR MASS SPECTROMETRY-BASED
BIOMOLECULAR IDENTIFICATION, CHARACTERIZATION AND QUANTIFICATION

By
Shuai Nie

Advances in the development of mass spectrometry (MS) and tandem mass
spectrometry (MS/MS) instrumentation have made this technique a versatile analytical
tool to identify, characterize and quantify biomolecules including peptides, proteins,
lipids, nucleic acids, oligosaccharides and other metabolites. However, based on the
individual physicochemical properties of various biomolecules, biomolecular MS or
MS/MS on its own may not necessarily give the desired analytical information.
Therefore, chemical labeling strategies which alter the behavior of analytes with respect
to their ionization, fragmentation and mass analysis are commonly used to facilitate MS-
based analysis of biomolecules. This dissertation focuses on the development of
biomolecular chemical labeling strategies for lipids, peptides and proteins, to provide
improved capabilities for MS-based qualitative and quantitative analysis.

Structural labeling via gas phase ion chemistry provides a convenient and rapid
modification method for structural and reactivity characterization of modified
biomolecular ions. Here, a novel photo-induced inter-molecular gas-phase cross-linking
reaction has been developed to investigate the cross-linking reactivity of individual
triacylglyceride (TG) molecules as a function of their structures. Ultraviolet
photodissociation tandem mass spectrometry (UVPD-MS/MS) of non-covalent complex
ions consisting of TG dimers and protonated diiodoaniline resulted in the formation of

multiple cross-linked TG products via homolysis of carbon-iodine bonds, hydrogen



abstraction and radical recombination. The efficiency of the UVPD reaction depended
on the number of unsaturation sites present within the TG lipids.

For MS-based quantification, an approach for the multiplexed relative
guantification of aminophospholipids from within two different crude lipid extracts was
developed. Relative quantification at the ‘sum composition’ and/or ‘molecular lipid’
levels was achieved using high resolution/accurate mass MS/MS by ratiometric
measurement of pairs of ‘reporter’ ions formed via the neutral loss from isobaric stable
isotope-labeled ds-‘heavy’ and de-‘light’ S,S’-dimethylthiobutanoylhydroxysuccinimide
and iodine/methanol derivatized aminophospholipid ions.

In addition, absolute quantification of full length parathyroid hormone (PTH 1-84),
a clinical protein biomarker of secondary hyperparathyroidism, and its in vivo oxidized
and truncated variants was achieved using a dual stable isotope-labeled internal
standard approach coupled with immunocapture and high resolution LC-MS and MS/MS.
Analysis of clinical PTH samples using this strategy revealed that no oxidation or PTH
7-84 occurred in vivo. However, several novel sites of in vivo PTH truncation were
discovered. At last, stable isotope-containing dimethyl labeling and multi-dimensional
LC-MS/MS were applied for proteomic profiling of human RPMI-8226 cells treated with
competitive (i.e., Bortezomib) and non-competitive (i.e., TCH-013) proteasome inhibitors
to evaluate their distinct mechanisms of action. Four proteins closely related to the
regulation of mitochondrial functions and growth and division of cancer cells were
observed to be selectively down-regulated after TCH-013 treatment compared to

Bortezomib or vehicle control treatment.
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CHAPTER ONE
An Overview of Chemical Labeling Strategies for Mass Spectrometry Analysis of
Biomolecules

1.1 Introduction to Mass Spectrometry Analysis of Natural Biomolecules
1.1.1 lonization Techniques

Mass spectrometry (MS) represents a key analytical method for the analysis of
biomolecules, including peptides, proteins [1], lipids [2], nucleic acids [3],
oligosaccharides [4] and other small molecule metabolites [5] and is based on the
intrinsic and most basic property of any molecule, its molecular weight. Before the
advent of MS, which measures the mass to charge ratios (m/z) of ions, molecular
weights were indirectly assigned based on molecular size or sedimentation coefficient
with low resolution and throughput, using size exclusion chromatography [6],
electrophoresis [7] and ultracentrifugation [8]. In a mass spectrometer, electric and/or
magnetic fields are used to control the trajectories of ionized molecules. Physical
parameters related to analyte ions can be measured by the instrument for calculation of
their molecular weight based on rigorous equations of ion motion, with high resolution
and accuracy [9]. At the early stage of MS-based biomolecule analysis, electron
ionization (EI) and chemical ionization (Cl) were the two most widely used ionization
techniques which required the analytes to be gasified before ionization and therefore
limited the applications to volatile and thermally stable small biomolecules (e.qg.,
oligopeptides and esterified fatty acids) [9]. With the introduction of ‘soft’ ionization
techniques including electrospray ionization (ESI) [10] and matrix-assisted laser

desorption ionization (MALDI) [11] in the late 1980s, MS analysis of large biomolecules



became practical. During the process of these two ‘soft’ ionization techniques, non-
volatile and thermally unstable large biomolecules can be directly extracted from
solution phase or a mixture of sample and matrix into the gas phase as intact structures
due to the negligible amount of internal energy deposited [1-5]. ESI produces multiply
or singly charged analyte ions [10]. Due to the very gentle ionization process, even
weakly bound complex ions consisting of multiple biomolecules can be preserved and
introduced into the mass spectrometer for analysis of the inter-molecular interaction
after ESI [12]. MALDI primarily produces singly charged analyte ions and has inherent
advantages for application to two dimensional [13] or even three dimensional [14]
imaging of various biomolecules in tissue samples.

1.1.2 Mass Analyzers

After ionization, a mixture of analyte ions can be transferred to various types of
mass analyzers to directly determine their m/z, or may be further subjected to gas
phase ion reactions (e.g., fragmentation) before mass analysis. The functioning
mechanisms and applications of commonly used mass analyzers and other related
techniques are discussed below.

The earliest types of mass analyzers, magnetic sector and double focusing
electromagnetic analyzers, employ magnetic fields alone or magnetic and electric fields
in tandem, respectively, to separate analyte ions with different m/z values in space
before detection [9]. With a typical source acceleration voltage around 10,000 V,
electromagnetic instruments can achieve high energy (~thousands of eV) collision-
induced fragmentation of analyte ions which is especially useful in characterization of

subtle structural features of biomolecules [15]. Time-of-flight (TOF) analyzers determine



the m/z values of analyte ions by their m/z dependent-flight times after acceleration by
high voltage. Operating with moderate m/z resolving power, high energy collision-
induced fragmentation and compatibility with pulsed ionization sources can all be
achieved using time-of-flight instruments [16]. Quadrupole type analyzers determine the
m/z values of analyte ions by their m/z dependent-trajectory stability in an applied
oscillating electric field [9]. The triple quadrupole mass spectrometer is widely used for
tandem mass spectrometry (MS/MS)-based quantitative analysis [17]. For analysis of
complex mixtures containing multiple analytes with isobaric (i.e., same nominal mass)
or isomeric (i.e., same exact mass) mass values, MS/MS identification and
guantification with high specificity, sensitivity and throughput can be achieved by
selection of precursor ions, fragmentation and detection of characteristic product ions
[18]. lon trap analyzers (i.e., three dimensional and linear ion traps) store ions in an
oscillating electric field and separate them based on their m/z dependent-resonance
frequencies of motion after applying a supplemental radial frequency voltage [9].
Relying on the unique ability of ion trapping, resonance activation and ion ejection,
MS/MS and multistage MS/MS (MS") can be performed in a single ion trap analyzer in a
time-dependent manner. Also, ion trap analyzers are frequently used as a reaction
vessel and mass analyzer for the study of gas phase ion chemistry [19]. Fourier
transform ion cyclotron resonance (FT-ICR) [20] and Orbitrap analyzers [21] function by
trapping ions in an static magnetic or electric field, respectively, and then measuring the
m/z dependent-resonance frequency of circulating or oscillating analyte ions. The most
unique feature of these two types of mass analyzers is their high resolving power,

represented by the m/z value of a peak divided by the full width of the peak at half its



maximum height (i.e., m/Am). Currently, m/Am up to 2,000,000 for FT-ICR [22] and
450,000 for Orbitrap [23] can be achieved. During analysis of complex mixtures,
overlapping analyte ions at low resolution can be considerably resolved for more
confident identification [24] and quantification [25] as long as the exact masses of those
analyte ions are different. With the ability to trap low energy electrons, electron-induced
activation can be performed in FT-ICR instruments for structural characterization of
large biomolecule ions and their fragile post-translational modifications (PTM) [26].
Providing comparable mass resolving power as that of FT-ICR, Orbitrap type
instruments have more modest size and cost.

The sensitivity of MS-based analysis has improved considerably due to ongoing
technological advancements in ion source/MS interfaces for improved sample
desolvation and ion transfer [27-30]. In addition, other platforms are often used in
combination with mass spectrometry to further expand its analytical capabilities. For
instance, without any enrichment steps, analytes at ng/mL level in blood or tissue can
be identified and quantified using a combined ultra-high performance liquid
chromatography (UHPLC) - tandem mass spectrometry workflow [31]. For isobaric or
isomeric analyte ions which have same nominal or exact m/z value, high performance
liquid chromatography (HPLC) and ion mobility spectrometry can be easily coupled to a
mass spectrometer to resolve and detect those analyte ions if they have different
hydrophobicity and ion mobility [32]. For high throughput analysis, various types of
ambient sampling/ionization methods have enabled rapid identification and
quantification of individual analytes in complex samples with minimal sample

preparation [33]. With the rapid advancement in mass analyzer instrumentation and



related MS technologies as discussed above, MS has become not only a device to
separate and analyze gas phase ions, but also a powerful platform to solve various
challenging analytical problems with high specificity, sensitivity and throughput.
1.1.3 Fragmentation Techniques

Soft ionization techniques maintain the atomic connectivity of neutral analytes
after ionization and thus molecular weight can be easily interpreted from an MS
spectrum. However, considering the possible structural isomers and the limited mass
resolution of many mass spectrometers, the m/z of precursor ions alone, is usually
insufficient for unequivocal biomolecule identification. Thus, one of the methods
commonly used for MS-based identification involves activation and fragmentation of the
analyte ions, followed by interpretation of the product ions to re-assemble the analyte
structures. Various fragmentation techniques which activate ions differently have been
developed to provide complementary product ions for comprehensive characterization
of analyte structures.
1.1.3.1 Collision-Induced Dissociation

Collision-induced dissociation (CID), one of the most commonly used
fragmentation techniques, activates ions by converting kinetic energy to internal energy
during the collision of analyte ions and neutral gas molecules in a collision cell such as
an ion trap and quadrupole [34]. The amount of energy deposited into ions as internal
energy during collision can considerably affect the subsequent fragmentation reactions
[35]. Low energy CID, usually with less than 100 eV of available collision energy for
conversion into internal energy, breaks the weakest bonds and can have more diverse

fragmentation pathways including intra-molecular rearrangements [36]. Commonly used



techniques of low energy CID include resonance excitation in linear and three
dimensional ion traps and beam type CID in quadrupoles and collision cells of higher-
energy collisional dissociation (HCD). High energy CID with a few thousand eV of
available collision energy gives more direct bond cleavage [35]. While low energy CID
and HCD are compatible with almost all of the current ionization sources and mass
analyzers, high energy CID is usually limited to applications using electromagnetic and
time of flight (TOF) instruments in which analyte ions with high kinetic energy can be
produced.
1.1.3.2 Electron Capture Dissociation and Electron Transfer Dissociation
Randomization of internal energy in low energy CID usually leads to less bond
cleavage or exclusive cleavage of specific weak bonds in large or labile modification-
containing analyte ions, resulting in spectra with relatively limited information for
structural interpretation [37]. To overcome this drawback, electron capture dissociation
(ECD) [38] and electron transfer dissociation (ETD) [37] were developed to provide
more random and extensive fragmentation via direct bond cleavage prior to
randomization of the internal energy. In both ECD and ETD, an electron is captured by
or transferred to a multiply charged cation (charge state >1) to form a distonic cation
with a positive charge and a radical. The fast process of electron recombination induces
activation resulting in direct bond cleavage and complementary product ions compared
to those of CID. ECD is performed in ICR instruments where trapping of low-energy
electrons is possible while ETD can be applied in more widely used ion trap instruments
through ion/ion reactions between analyte cations and singly charged anthracene

anions. ECD and ETD have been widely applied for structural characterization of intact



proteins and labile PTM of peptides, including phosphorylation, glycosylation,
sulfonation, and nitrosylation [37, 39]. However, due to the reduced charge state after
electron recombination, both ECD and ETD cannot be applied to analysis of singly
charged analyte ions.
1.1.3.3 Photodissociation

Another emerging ion activation method is photodissociation (PD), especially
ultraviolet photodissociation (UVPD) which has less dependency on charge state of
analyte ions due to the photon-based activation and has been employed for structural
characterization of a wide range of biomolecular classes [40-44]. Selective activation
can also be achieved since only ions (with or without chemical derivatization) that
absorb the excitation wavelength can be activated [45]. Various types of lasers have
been coupled to mass spectrometers to perform gas phase PD induced by photons with
different wavelengths, including 157 nm (F2z excimer laser), 193 nm (ArF excimer laser),
266 nm (the fourth harmonic of a Nd:YAG laser), 351 nm (XF excimer laser), 355 nm
(the third harmonic of a Nd:YAG laser), 800 nm (femtosecond titanium sapphire laser),
a tunable range of 205-2550 nm (optical parametric oscillator-Nd:YAG lasers) and 10.6
pm (CO: laser) [46].
1.1.4 Applications for Identification and Quantification of Natural Biomolecules

The varied structures and abundances of biomolecules including peptides,
proteins, lipids, nucleic acids, oligosaccharides and other metabolites in a living
organism at different physiological and pathological states are closely related to their
biological activities and functions [47]. Qualitative and quantitative analysis of

biomolecules in complex mixtures are critical to understand their functional roles and



further decipher mechanisms associated with both normal cell functioning and the onset
and progression of disease, thus aiding in the discovery of novel biomarkers and
potential therapeutic drug targets [1, 5, 48, 49]. The merits that MS provides as an
analytical tool have been described above. From here the identification and
guantification of natural (i.e., without chemical labeling) biomolecules using MS-based
methods is discussed while highlighting the limitations of MS-based analysis without
chemical labeling for each class of biomolecule.
1.1.4.1 Peptides and Proteins

Proteins or polypeptides are biopolymers of amino acids and frequently modified
after their translation. They are responsible for near all cellular functions (e.g.,
enzymatic catalysis, signaling and transport of molecules) [47]. In MS analysis of
proteins, proteolytic peptide-based structural characterization and quantitative analysis,
namely ‘bottom-up’ workflows, are typically performed [50]. Relying on enzymatic
digestion, separation techniques, soft ionization methods (i.e., ESI and MALDI), well-
understood gas phase fragmentation mechanisms, advanced instrumentation of mass
spectrometry and automated data processing softwares, characterization of the primary
structure (i.e., sequences of amino acid residues) and PTMs of peptides derived from
complex protein mixtures has become much easier compared to using other available
methods [50]. Various enzymes (e.g., trypsin, Lys-C, Arg-C, Asp-N, and Glu-C) having
different proteolytic specificities are commercially available for cleaving proteins into
peptides that have appropriate m/z ranges and adequate ionization efficiency for
subsequent MS analysis [51]. Separation techniques including liquid chromatography,

electrophoresis and ion mobility separation are often necessary to resolve peptides



based on their hydrophobicity, size and mobility before introducing them into mass
spectrometers [50, 52]. Data acquisition during MS/MS analysis may be non-targeted or
targeted depending on the desired outcome. For instance, for comprehensive profiling
of all peptides and proteins in a complex mixture, non-targeted strategies including
data-dependent [53] or data-independent [54] acquisition are usually selected to
achieve broad coverage of identification. For targeted analysis of specific peptides or
proteins, pre-determined multiple reaction monitoring (MRM) transitions can be applied
to achieve optimal sensitivity for detection of peptides even at pg/mL level [55]. Finally,
software can be employed for peptide and protein identification during data
interpretation using database searching or de novo sequencing algorithms [56]. In
addition to the classic proteolysis-based ‘bottom-up’ workflows, ‘top-down’ approaches
employing the gas phase fragmentations of natural intact protein ions have also been
developed for the characterization of their primary structures and PTMs [39, 40].
Identities of and interactions (e.g., binding sites and stoichiometry) between
components in a natural protein complex at a near native state can also be
characterized by ‘native mass spectrometry’ where non-denaturing buffers and
instruments capable of high m/z measurement are employed [39, 57]. For the label free
guantification of peptides and proteins, either spectra counting-based or signal intensity-
based methods have been developed with data processing softwares (e.g., MaxQuant,
Skyline and Progenesis) [58, 59]. These methods are especially advantageous when
comparative quantification between large sets of experimental data is required [60].
However, successful identification, characterization and quantification of

individual peptides and proteins as well as their PTMs in complex mixtures from



biological samples are still problematic. For example, with an estimated concentration
dynamic range of cellular proteome of at least 10°, direct MS analysis of low abundance
proteins without any enrichment or derivatization to improve the ionization efficiency is
very challenging [61]. Also, the chemical properties of peptides derived from cellular
proteomes, including hydrophobicity and the ability to acquire charge, have significant
effects on their ionization efficiency during ESI and thus affect MS sensitivity [62]. A
typical example is the decreased ionization efficiency of peptides with acidic
phosphorylated amino acid residues under positive mode ESI compared to their
unmodified counterparts [63]. Localization of PTMs on peptides or intact proteins is
complex due to their low stoichiometry and possible structural lability depending on the
specific modification [64]. As for the quantification of unlabeled peptide and proteins as
well as their PTMs, a robust LC-MS/MS setup and complicated data processing
workflow are commonly required to ensure reproducibility of quantitative results [60].
Also, since all samples are processed and analyzed through LC-MS separately,
systematic errors that may compromise the accuracy of quantitative results are
unavoidable through the entire sample preparation and data acquisition stages.
1.1.4.2 Lipids

Lipids play critical roles as structural and functional components of biological
membranes, as signaling and targeting molecules, and as a cellular energy resource
[47]. The qualitative and quantitative analysis of lipidome profiles under different cellular
states has emerged as a complementary alternative to proteomics and genomics to
address challenging cell biological questions [49]. Based on the International Lipid

Classification and Nomenclature Committee nomenclature, lipids are divided into eight
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major categories including fatty acyls, glycerolipids, glycerophospholipids, sphingolipids,
sterol lipids, prenol lipids, saccharolipids, and polyketides [65]. Of these, fatty acyls,
glycerolipids, glycerophospholipids, sphingolipids and sterol lipids are most often
targeted in lipidomic studies [49]. Similar to proteins, structural information of lipids can
be hierarchically categorized as different levels, including lipid class, ‘sum composition’,
‘molecular lipids’ and ‘structurally defined molecular lipids’ as proposed in a recent
review by Ekroos [66]. Lipids in each of eight major categories can be further divided
into lipid subclasses based on the similarity of chemical structures. Then, the ‘sum
compositions’ of lipids in each class or subclass are defined with additional information
including the number of carbon elements and carbon-carbon double bonds. Further
structural confirmation of the ‘molecular lipids’ with at least two glycerol backbone
substituents requires the determined length and number of unsaturation of the
substituents. Finally, ‘structurally defined molecular lipids’ can be defined with more
detailed structural information including the position and stereochemistry of unsaturation
on glycerol backbone substituents. To date, identification and quantification at the lipid
class, sum composition and molecular lipids levels can be achieved through high
resolution mass spectrometry or MS/MS coupled with prior LC separation, or direct
infusion [67-70]. For instance, through a combination of spiking in exogenous internal
standards, high resolution mass spectrometry and MS/MS, 20 major lipid classes and
~250 molecular lipid species from yeast cells have been absolutely quantified without
any chromatography separation and chemical derivatization in order to study effects of

external and internal stimuli on the molecular composition profile of yeast lipidome [70].
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However, owing to their structural diversity (over 40,000 biologically relevant
molecular lipid structures recorded in the LIPID MAPS Structure Database,
http://www.lipidmaps.org/data/structure), accurate identification and quantification of
entire molecular lipids or even the structurally defined molecular lipids in a cellular
lipidome with an estimated dynamic range of at least 10° is still challenging [71]. For
example, the structural complexity of glycerolphospholipids is highlighted in Figure 1.1
[65]. Different lipid classes are differentiated based on the chemical structure of the
head group. Identity of the sn substituent on the glycerol backbone (i.e., acyl,
plasmalogen alkenyl and alkyl chain or no substituent) indicates the specific subclass.
Other structural features of the sn substituent are also variable (e.g., the length, the
unsaturation (number, sites and stereochemistry) and the site of linkage to the glycerol
backbone of the fatty acyl chains in the diacyl glycerophosphocholine (PC)). Although
methods employing high energy CID [15] and MS" [72-74] have been developed to
locate the site of unsaturation and the linkage site of sn substituent for a range of
glycerolipids and fatty acids with no chemical derivatization, complicated spectra for
interpretation and low sensitivity make it difficult to apply those methods for analysis of
complex lipid mixtures. The accuracy of quantitative analysis of cellular lipidomes is also
limited by the lack of enough commercially available exogenous lipids as internal
standards to represent the structural diversity of endogenous lipids, as well as possible
error that can be introduced during separate analysis of a given lipid mixture at different
polarities (i.e., both positive and negative ionization mode) during mass spectrometry

analysis.
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1.1.4.3 Nucleic Acids

Nucleic acids including deoxyribonucleic acids (DNA) and ribonucleic acids (RNA)
are biopolymers consisting of nucleotides [47]. Similar to the amino acids as basic
building blocks of peptides and proteins, different nucleotides consisting of five-carbon
sugars, phosphate group(s) and nucleobases are polymerized in various sequences as
the primary structure of nucleic acids and the coded genetic information. To date, MS
has played an important role in qualitative and quantitative analysis of nucleic acids,
especially for structural characterization of post-transcriptionally modified transfer RNA
[75], quantitative analysis of DNA damage [76] and stoichiometry of the nucleic
acid/ligand complex [77]. However, without any functional modification to the naturally
synthesized nucleic acids, direct analysis of their secondary or tertiary structures and
interactions between components in a nucleic acid/ligand complex are still challenging
[3].
1.1.4.4 Oligosaccharides and Other Small Molecule Metabolites

Oligosaccharides are biopolymers of simple sugars responsible for various
important cellular events including the modulation of protein functions, cell adhesion and
cell signaling [78]. They can exit alone or be covalently bonded to proteins or lipids as a
modification (i.e., glycosylation) [47]. Although the methodologies and technologies of
MS-based analysis of oligosaccharides keep evolving, it remains a challenge to
structurally characterize and quantify this type of molecules. Natural oligosaccharides
have low ionization efficiency in positive ionization mode due to the lack of basic sites
[4]. Also, unlike proteins and nucleic acids that have linear primary structures,

oligosaccharides can have extremely high structural complexity due to the possible
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branching of the simple sugar monomer, isomeric positions of glycosidic bonds and
stereochemical properties [47]. These two facts lead to the limited sensitivity and
complicated MS/MS spectra during MS-based analysis of natural oligosaccharides.

Other biological relevant small molecule metabolites including but not limited to
nucleotides, amino acids, fatty acids, organic acids and their derivatives are also targets
of MS-based analysis [5].

Given the limitations of direct analysis of natural biomolecules using MS, it is
clear that functional modification (e.g., chemical labeling) of natural biomolecules for the
purposes of improved separation before MS analysis, enhanced ionization efficiency,
controlled fragmentation behaviors to investigate specific structural features of analytes
and accurate quantitative analysis is necessary along with continuous development of
sample separation techniques, instrumentation, ion fragmentation methods and related
data processing software [79]. Herein, a detailed overview of chemical labeling
strategies for improved MS-based analysis of biomolecules is described.

1.2 Chemical Labeling Strategies for Improved lIdentification, Characterization
and Quantification of Biomolecules Using Mass Spectrometry

Most of the chemical labeling strategies used for improved MS-based analysis of
biomolecules can be classified into one or both of the categories discussed below. The
first involves linking functional groups, covalently or non-covalently, to the targeted
biomolecules to facilitate their MS-based identification and structural elucidation. The
second requires stable isotope labeling through chemical or metabolic incorporation of

stable isotopic elements (e.g., D, 3C, >N and Q) to enable MS-based characterization
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of tertiary/quaternary structures of large biomolecules, studies on the mechanisms of
their gas phase ion fragmentations and most importantly, quantitative analysis.
1.2.1 Applications of Structural Labeling for Improved Identification and

Structural Characterization
1.2.1.1 lonization Efficiency

Since MS is an analytical tool to study gas phase ions, the ionization efficiency of
analytes is closely related to MS sensitivity, limit of detection and limit of quantification.
The chemical labeling methods for ESI-based analysis are primarily discussed here
since ESI is the most widely employed ionization technique for both qualitative and
guantitative mass spectrometry analysis. During ESI, the chemical properties of
analytes play important roles in the processes of desolvation and charge acquisition;
thus chemical labeling to facilitate desolvation (e.g., increasing the surface activity of
analytes by modifying their hydrophobicity) and/or incorporation of fixed charges are the
main directions to enhance ionization efficiency [62, 80].

For improved ionization efficiency of peptides, structural labeling to incorporate
hydrophobic chemical structures (e.g., alkyl groups with long methylene chains) and/or
fixed charges (mainly quaternary ammonium and sulfonium group) mainly targets the
primary amine (N-terminus) and carboxylic (C-terminus) groups as well as side chains
of specific amino acid residues. Acylation- and alkylation-based chemistries are
commonly used for derivatization of peptide primary amine groups. For example,
Mirzaei and Regnier developed an N-hydroxysuccinimide (NHS) ester-based labeling
reagent containing a quaternary ammonium group linked to a straight alkyl chain with 8

carbons [81]. After acylation of primary amine groups in peptides under 500 Da, the
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ionization efficiency increased (up to 500 fold) and a 10 fold enhancement of ESI
response was generally observed for most of the peptides studied. Another NHS ester-
based reagent, S,S'-dimethylthiobutanoylhydroxysuccinimide ester iodide (DMBNHS)
containing a sulfonium group linked to an alkyl chain has been employed to derivatize
phosphopeptides by Lu et al. [82]. A 2.5 fold increase in ionization efficiency in general
was demonstrated and more ETD-friendly phosphopeptides with multiple charges
(i.e., >+3) were observed. A method employing alkylation chemistry was also reported
by Kulevich et al. [83]. Tryptic peptides from selected protein digests were dialkylated
using aldehydes with varying length (i.e., 4, 6 and 8 carbons) through a simple one step
alkylation reaction. Both ionization efficiency and sequence coverage of selected
proteins were improved after combined analysis of alkylated and unlabeled tryptic
peptides. Studies describing esterification of carboxylic groups [84], guanidation of
lysine residues [85] and alkylation of cysteine residues [86] for improved ionization
efficiency of peptides were also reported.

For lipids, chemical labeling strategies to improve ionization efficiency similar to
that of peptides have also been developed, mainly through incorporating or uncovering
a fixed charge after chemical labeling. A typical example is the application of the
primary amine specific DMBNHS reagent containing sulfonium group to both
phosphopeptides (as discussed in the last paragraph) and aminophospholipids for
enhanced ESI response [24]. After a 30 min acylation reaction using deuterium labeled
DMBNHS reagent at room temperature, the average fold changes in intensity of
glycerophosphoethanolamine (PE) and glycerophosphoserine (PS) lipid ions in positive

ionization mode ESI-MS were around 3 and 6 fold, respectively. Methods employing
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incorporation of quaternary amine groups to fatty acids and diacylglycerols [87, 88],
phosphonium group to hydroxyl group-containing lipids [89] and sulfate group to free
cholesterol [90] to improve their ionization efficiency were also reported. Another
method to uncover inherent charges in lipids through converting the zwitterionic lipids to
anionic species was reported by Han et al. [91]. After a one-step in situ acylation
reaction of primary amine groups in zwitterionic PE and lyso PE lipids using 9-
fluorenylmethoxylcarbonyl chloride, the detection sensitivity of the derivatized anionic
lipids was significantly improved (at picomolar level) under negative mode ESI. Instead
of covalent chemical labeling, non-covalent complexation has also been used to
enhance the ionization efficiency of lipids. Pham and Julian reported an approx. 10 fold
increase in detection sensitivity of PE species by non-covalent complexation with 18-
crown-6 ether during positive ion mode ESI [92], possible due to the increased surface
activity of ions complexed with 18-crown-6 ether [93].

In comparison to peptides and lipids, oligosaccharides are inherently difficult to
ionize due to their hydrophilicity and lack of basic sites to be protonated. To improve the
ionization efficiency of oligosaccharides, many methods have been developed to
increase their hydrophobicity, mainly targeting the hydroxyl groups through
permethylation and peracetylation reactions [94, 95]. However, the wider application of
permethylation and peracetylation-based labeling strategies was limited by their time-
consuming sample preparations and ‘non-quantitative’ labeling. Alternatively, hydrazone
labeling methods targeting carbonyl groups in the open-ring aldehyde form of
oligosaccharides is gaining popularity due to the absence of cleanup after labeling and

guantitative labeling efficiency [96]. The effects of permanent charge and hydrophobicity
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of various forms of hydrazide labeling reagents on ionization efficiency of derivatized
oligosaccharides were also studied, suggesting that increased hydrophobicity enhanced
the ESI response while the incorporated permanent charge decreased the MS
abundance of derivatized oligosaccharides [97].

Similarly, incorporating hydrophobic groups or fixed charges into nucleobases,
nucleotides, oligonucleotides [98-100] and amino acids [101] have been reported to
enhance their ESI response for improved qualitative and quantitative analysis of nucleic
acids and metabolites.
1.2.1.2 Structural Characterization of Peptides and Proteins
1.2.1.2.1 Sequence of Amino Acid Residues

The structures of proteins, including their primary structures (i.e., the sequence of
amino acid residues), are closely related to their biological functions and therefore
sequencing of proteins is necessary to further understand their functioning mechanisms
[47]. To improve MS-based sequencing of peptides derived from proteins, the
fragmentation behaviors of peptide ions have been modified through structural labeling
with functional groups in order to simplify the MS/MS spectra or provide more abundant
and/or diverse fragment ions. Most of the reported labeling approaches follows the
principles including 1) modifying the charge (e.g., charge state, mobility and polarity) of
gas phase peptide ions to change their fragmentation behaviors in CID or to enable
ETD; 2) modifying the proton mobility of peptide ions in order to produce more abundant
and/or diverse sequence-specific fragment ions after activation and 3) incorporating
functional groups to enable fragmentation upon specific ion activation methods (e.g., PD

and radical-directed disassociation (RDD)).
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Incorporating fixed charges to peptides not only increases their ionization
efficiency as discussed in Chapter 1, section 1.2.1.1, but also facilitates sequencing of
peptides by resembling the directing influence of the positions of inherently charged
basic amino acid residues on CID fragmentation of protonated peptides [82, 102] or
increasing the abundance of ETD-friendly multiply charged (i.e., >+3) peptide cations
[82, 103]. Methods employing solution phase labeling of quaternary ammonium [103,
104], phosphonium [105] and sulfonium [82] have been reported. Instead of performing
a labeling reaction in solution phase, gas phase charge polarity inversion of peptide ions
with the advantages of minimal sample preparation has been reported to improve
sequence coverage by acquiring complementary CID fragment ions in both polarities
[106] or enabling ETD fragmentation [107]. To modify the proton mobility of peptide ions,
both solution phase [108] and gas phase modification [109] methods have been
developed to either decrease the proton mobility of tryptic peptide anions or increase
the proton mobility of tryptic peptide cations to produce more diverse sequence-specific
fragment ions during CID-MS/MS analysis. For complementary sequence-specific
fragmentation of peptide ions induced by other ion activation methods compared to that
in CID, various forms of chromophore labeling reagents have been developed to enable
or improve PD (mainly at 351 nm [110-112], 355 nm [113] and 10.6 pm [114]) of
derivatized peptide ions. RDD has also been used to aid the sequencing of peptides
incorporated with radical precursors containing ultraviolet (UV)-labile covalent bonds
(e.g., carbon-iodine [115], carbon-sulfur [116] and carbon-oxygen bonds [117]) or weak

bonds which undergo homolysis upon collisional activation [118].
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Recently, two papers described gas phase synthesis of linear [119, 120] or
branched [120] peptide ions with controlled sequences in a mass spectrometer. Without
time-consuming condensed-phase synthesis and separation, gas phase ultraviolet
photoexcitation or ion/ion reactions were employed to induce the formation of an amide
bond in a peptide dimer complex ion followed by facile mass-based separation and
MS/MS-based structural analysis of the products. Although the quantity of synthesized
peptides in the gas phase is unlikely to be sufficient for additional solution phase
modification, this type of method provides an approach to rapidly generate the library of
peptide MS/MS data to facilitate sequencing of unknown peptides.
1.2.1.2.2 Post-Translational Modifications

After biosynthesis, proteins are often post-translationally modified in potentially
hundreds of different ways [121]. Although PTMs occur at low stoichiometry and
abundance, they perform more precise regulations of cellular functions compared to
gene expression [122]. As a powerful analytical tool for structural elucidation, MS has
been widely used for analysis of PTMs [64], however for certain PTMs, sample
preparation including structural labeling for improved enrichment and favored gas phase
fragmentation is necessary for their improved identification and localization [79]. Biotin
tag labeling at sites of phosphorylation [123] and O-linked glycosylation [124] followed
by affinity chromatography are typical examples of enrichment strategies achieved by
structural labeling. For identification and localization of multiple PTMs (e.g.,
phosphorylation) in the same peptide, or very labile PTMs (e.g., glycosylation) during
gas phase fragmentation, ETD [37] and RDD [116] have been proved to be

advantageous compared to the conventional low energy CID fragmentation technique.
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Therefore, labeling methods to enable ETD or RDD through increasing the percentage
and abundance of highly charged (>3) peptide ions or incorporating UV-labile radical
precursors have been developed [82, 125].
1.2.1.2.3 Tertiary and Quaternary Structures of Proteins

Preliminary structural labeling can also be applied for mass spectrometric
analysis of protein tertiary (e.g., protein conformations) and quaternary (i.e.,
protein/protein or protein/ligand interactions) structures. The basic principle is that after
changing the masses of the proteins via chemical labeling at the side chains of amino
acid residues in a structure-dependent manner, structural information can be derived
from mass spectrometry-based identification and relative quantification of peptides
derived from the labeled proteins. For example, information on protein conformational
changes can be derived from the changed surface residue accessibility characterized
by ‘bottom-up’ mass spectrometric analysis of proteolytic peptides of the labeled
proteins since surface residues exposed to solvent can more readily react with the
labeling reagent while other residues buried in the proteins react slower or not at all
[126]. Various covalent labeling reagents targeting side chains of specific amino acid
residues have been developed for this purpose [127-131]. For instance, Zhou et al.
developed the protein surface lysine accessibility mapping strategy using the fixed
charge containing DMBNHS reagent combined with data-dependent multistage tandem
mass spectrometry analysis [127]. By monitoring the changed lysine modification rates
between native and oxidized proteins using the developed strategy, it was found that
the functional domains within an important protein phosphatase, calcineurin became

more accessible to the DMBNHS labeling upon H202 oxidation-induced conformational
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perturbation and suggested the phenomenon as a novel mechanism explaining the
inactivation of calcineurin caused by H202 oxidation [128]. Other reagents including
iodoacetamide [129], vicinal dicarbonyl compounds [130], and diethylpyrocarbonate
[131] have also been commonly used to map the accessibility of protein surface
cysteine, arginine, and histidine residues, respectively, but to a lesser extent compared
to lysine-specific reagents due to the wide range of available reagents targeting primary
amine group and the high frequency of lysine residue in proteins. In addition, as a
promising method to acquire broad sequence coverage of labeled proteins and with no
need for enzymatic digestion as in the ‘bottom-up’ approach, a ‘top-down’ strategy
probing conformational changes during denaturation of myoglobin and domain C of
PARP-1 proteins by gas phase UVPD fragmentation of intact protein ions after lysine-
specific labeling using S-methylacetimidate was reported by Cammarata et al. [132].
However, more efforts on the elucidation of gas phase UVPD fragmentation
mechanisms and the development of diverse ion activation methods for intact protein
ions are required for broader applications of the ‘top-down’ approach.

To characterize the interaction (e.g., distance and/or sites) of mutual interacting
sites within proteins or between protein/protein and protein/ligand complexes, cross-
linking reactions combined with mass spectrometric analysis can be employed [133].
Typically, a cross-linker reagent with reactive sites on two ends and a ‘spacer’ with fixed
length in the middle is used to covalently link two nearby sites in a protein or between
two components in a protein complex. Cross-linking reagents having two amine-specific
reactive sites targeting lysine residue were again used most frequently due to the

availability of reagents and the occurrence frequency of lysine in proteins as described
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above. Photo-reactive cross-linkers containing diazirine, aryl azide and benzophenone
as reactive sites were also used as non-specific cross-linking reagents [134].
Subsequent ‘bottom-up’ mass spectrometric analysis can provide identities of cross-
linking sites and low resolution maximum distances between cross-linked sites [135].
Interestingly, employing the ion/ion reaction between ubiquitin protein cations and
homobifunctional sulfo-N-hydroxysulfosuccinimide ester reagent anions in an ion trap
reaction vessel, Webb et al. demonstrated the protein intra-molecular cross-linking
reactions in gas phase and characterized the cross-linked structures based on product
ions from CID experiments in a ‘top-down’ manner [136]. Although it is still not clear that
whether the mass spectrometric analysis of gas phase cross-linked proteins ions can
provide useful solution phase structural information, this method represents a creative
direction toward high throughput protein interaction study with minimal time for sample
preparation.
1.2.1.3 Structural Characterization of Lipids
1.2.1.3.1 Lipid Classes and Sum Compositions

For high throughput profiling of complex lipid mixtures or cellular lipidomes, it is
meaningful to separate and collectively study lipids based on their classes or
subclasses or sum compositions considering the similar physiochemical properties
affecting related cellular events of lipids with the same class, subclass or sum
composition [47]. However, many challenges exist due to the structural diversity and
complexity of lipid mixtures within crude cellular extractions. For example, during
shotgun lipid analysis with no LC separation, lipids of the same class but different

subclasses may not be able to be resolved based on mass due to their isomeric
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structures and resultant same exact mass (e.g., plasmalogen lipids containing one less
site of unsaturation compared to alkyl-ether containing lipids, both with the same head
group (e.g., [PC-36:0) + H]* and [PC(o-36:1) + H]™ both have the elemental composition of
Ca4HsoNO7P). Also, lipids in different classes may suffer from the same situation (e.g.,
[PE(32:0) + H]* and [PCo:0) + H]* both have the elemental composition of C37H7sNOsP).
To overcome this limitation, Fhaner et al. developed a sequential structural labeling
strategy for aminophospholipids (i.e., PE and PS lipids ) and the O-alkenyl ether double
bond of plasmalogen lipids, using a ‘fixed charge’ sulfonium ion-containing stable
isotope-labeled-S,S-dimethylthiobutanoylhydroxysuccinimide ester reagent (DMBNHS),
and iodine and methanol, respectively, to eliminate potential overlap of these lipids with
other lipid classes or subclasses [24, 137]. Using the structural labeling strategy
combined with high resolution/accurate mass MS and “targeted” MS/MS analysis, >600
molecular lipid species from 36 lipid classes and sub-classes have been identified from
various colorectal cancer cell lines and their secreted exosomes, without need for
extensive sample handling or chromatographic fractionation prior to analysis [24, 138].
Similarly, Han et al. noted that identification and further structural characterization of the
interested lipids were potentially improved by shifting the m/z range of a labeled lipid
class to a region with much less interference with other lipid classes after using the 9-
fluorenylmethoxylcarbonyl chloride reagent targeting at aminophospholipids including
PE and lyso PE lipids [91].
1.2.1.3.2 Identities and Linkage Positions of Glycerol Backbone Substituents
Analysis of X-ray protein crystal structure data have suggested that the identities

(e.g., length) and linkage positions of glycerol backbone substituents of
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glycerophospholipids are likely to affect their binding affinity to nuclear receptor SF-1,
which can be regulated by glycerophospholipid second messengers [139]. To further
understand the functional roles of lipids in cellular events, a comprehensive
characterization of lipid structure including subtle structural features is necessary [140].
Although MS-based identification of the length of the glycerol backbone substituents for
most glycerolipids is straightforward and does not require structural labeling, the
identification of other lipids is still challenging. For instance, glycerophosphocholine
lipids, containing an endogenous fixed positive charge quaternary amine, ionize poorly
in negative mode and yield generally limited structural information under positive
ionization mode CID-MS/MS conditions [2]. Methods describing solution phase
hydrolysis for analysis of resultant fatty acids [141] or addition of high concentration of
salts to enable acquisition of glycerol backbone substituent-specific fragment ions at
both positive [142] and negative polarities [143] have been reported. However, their
wider applications are limited by the absence of molecular structure information or by
low sensitivity. For this, Stutzman et al. converted the gas phase protonated PC lipid
ions, [PC+H]" into demethylated PC anions, [PC-CHzs] through non-covalent labeling of
doubly deprotonated 1,4-phenylenedipropionic acid followed by CID-induced ion/ion
reaction [144]. Subsequent CID analysis of the [PC-CHzs]  anions produced abundant
fatty acid carboxylate anions indicating the length and unsaturation degree of glycerol
backbone substituents.

Another more challenging task is to characterize the subtle structural features of
glycerophospholipids (i.e. the linkage position (sn position) of their glycerol back bone

substituents). Pham et al. have demonstrated the existence and differentiation of sn
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positional isomers for six major glycerophospholipids classes through gas phase
ozonolysis (i.e., addition of ozone to carbon-carbon double bonds) of product ions
arising from CID of sodium adduct of glycerophospholipids [145]. After the
CID/ozonolysis experiments, abundant and predictable product ions that are
characteristic to the specific sn position of glycerol backbone substituents were
observed.
1.2.1.3.3 Positions and Stereochemistry of Carbon-Carbon Double Bonds
Location and stereochemistry (i.e., cis or trans) of carbon-carbon double bonds
(C=C) in lipids are also subtle structural features of lipids that can change their
biochemical properties [146-148]. Differentiation of C=C bond positional isomers in
lipids were traditionally conducted by separation through gas chromatography (GC) or
HPLC followed by mass spectrometric or other detection methods [141]. However,
direct determination of positions and stereochemistry of C=C bonds in underivatized
lipids using MS is problematic since the C=C bond isomers of lipids give identical low
energy CID-MS/MS spectra. Although methods employing high energy CID [15, 16] and
MS" [72, 73, 149] are available, low sensitivity and complicated spectra interpretation
limit their broader applications. To facilitate the localization of C=C double bonds in
lipids, structural labeling strategies have been developed to selectively induce more
abundant fragmentation cleavages within their unsaturated aliphatic chains. Several
methods exploiting selective gas phase ion/molecule reactions (e.g., covalent adduct
chemical ionization [150], ozonolysis [145], Paterno-Buchi reactions [151]) targeting at
C=C double bonds were demonstrated to modify the fragmentation behaviors of lipid

ions and product abundant fragment ions indicating the position of C=C double bonds.
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RDD has also been employed to induce C=C bond position-specific fragmentations
occurring within the unsaturated aliphatic chains of lipid ions after introduction of lipid
ions, which are covalently [152] or non-covalently [92, 153] linked to a UV-labile radical
precursor, into the mass spectrometer via ESI followed by activation of UV photons to
release the radicals. Finally, although still very challenging, MS-based differentiation of
lipid isomers only differing in stereochemistry of C=C double bonds was demonstrated
to be feasible by Pham et al. without prior separation [154]. Relative abundance of CID
product ions of proton bound complex ions consisting of fatty acid methyl esters and
iodoaniline were proved to be sensitive to the stereochemistry (i.e., cis or trans) of C=C
double bonds.
1.2.1.4 Intra- and Inter-Molecular Interactions of Nucleic Acids

Although the role of MS in genome-wide sequencing analysis was superseded by
other high-throughput methods in the late 1990s [155], structural labeling combined with
mass spectrometric analysis is still advantageous as a rapid and sensitive method to
characterize the intra- and inter-molecular interactions of nucleic acids, mainly using
alkylating cross-linkers based on the same principles applied to probe protein intra- and
inter-molecular interactions, discussed in Chapter 1, section 1.2.1.1.2 [3].
1.2.1.5 Structural Characterization of Oligosaccharides

In addition to enhancing the ionization efficiency, structural labeling of
oligosaccharides is helpful in obtaining characteristic tandem mass spectra allowing
identification of their sequence, branching and interglycosidic linkages [79].
Permethylation and peracetylation of the hydroxyl groups of oligosaccharides are

traditionally used to modify the fragmentation behaviors as well as increase ionization
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efficiency [4]. Labeling strategies enabling RDD and UVPD of oligosaccharides are
gaining attention due to the ability to acquire complementary fragment ions indicating
extra structural information compared to that from CID. For example, both 355 nm
UVPD of chromophore-incorporated oligosaccharides [156] and photo-induced RDD of
oligosaccharides labeled with iodoaniline [157] were reported to provide fragment ions
distinguishing positional oligosaccharide isomers.
1.2.2 Applications of Stable Isotope Labeling for Improved Structural

Characterization and Quantification
1.2.2.1 Structures of Large Biomolecules and Mechanisms of Gas Phase

Biomolecular lon Fragmentation

Stable isotope labeling is widely used for MS-based structural characterization of
large biomolecules (i.e., proteins and their complexes) [158] and mechanistic studies of
gas phase fragmentation of other smaller biomolecular ions (i.e., peptide [159-162], lipid
[163], nucleic acid [164], oligosaccharide [165] and other small molecule metabolite ions
[166]). After replacement of specific elements in selected regions of biomolecules with
corresponding stable isotopes, the masses of stable isotope-labeled regions are
changed while covalently and non-covalently connected structures and resultant gas
phase ion fragmentation behaviors are kept the same or near identical. Thus, by
comparative study of labeled and unlabeled analytes, the identity of ions derived from
the stable isotope-labeled regions which are characterized by MS can be linked back to
their spatial positions in the original biomolecules.

Hydrogen-deuterium exchange (HDX) MS is a typical example and a key

technique employing stable isotope labeling to characterize the intactness of hydrogen
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bonding networks of proteins and their complexes in solution [158]. The principle of this
method is that when exposed to deuterium-labeled water (D20), amide bond hydrogens
in the disordered or highly dynamic regions of proteins undergo rapid exchange with
surrounded deuterium due to lack of stable hydrogen-bonding [158]. The ‘bottom-up’
mass spectrometric analysis workflows are typically used to analyze structure-
dependent HDX patterns of proteolytic peptides from proteins under different
experimental conditions for structural characterization [167]. However, attention needs
to be given during selection of an appropriate ion activation method for MS/MS-based
identification of residue-specific HDX patterns of peptides. Consistent with the mobile
proton model explaining the CID fragmentation mechanisms of protonated peptides, it
was demonstrated that intra-molecular migration of hydrogen and deuterium during the
collision-induced vibrational activation process could lead to complete randomization
(i.e., ‘scrambling’) of the HDX patterns [168]. Therefore, ion activation methods not
involving the vibrational excitation (e.g., ETD [169] and ECD [170]) are more
advantageous in acquiring residue-specific HDX patterns of peptides. Also,
experimental procedures need to be optimized to minimize back exchange from
deuterium to hydrogen during proteolysis and followed LC separation of deuterium-
labeled proteins. Keeping the solution temperature close to 0 °C after HDX and
minimizing the time for sample preparation can effectively preserve much of the HDX
patterns [158]. Alternatively, the back exchange in proteolysis step can be avoided in
‘top-down’ analysis where the gas phase fragmentation of deuterium-labeled intact

protein ions directly generates peptide ions for HDX pattern study and sequencing. The
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‘scrambling’ processes in “top-down” analysis can also be minimized by using ECD [171]
and ETD [172] instead of CID.

Understanding gas phase fragmentation mechanisms of biomolecular ions is
essential for accurate interpretation of mass spectra data and structural elucidation.
Direct comparison between fragmentation spectra of stable isotope-labeled and
unlabeled biomolecules provides a straightforward approach to investigate
fragmentation mechanisms. For this purpose, various stable isotopes (e.g., D, 180, *N
and 3C) have been incorporated into peptides [159-162], lipids [163], nucleic acids
[164], oligosaccharides [165] and other small molecule metabolites through HDX or
chemical synthesis.
1.2.2.2 Quantification of Biomolecules

Unlike quantitative analysis based on the Beer-Lambert law, there is no fixed
response coefficient between an MS signal and the concentration of an individual
analyte. Therefore, for accurate and absolute MS-based quantification, ratiometric
measurement of simultaneously determined intensities of the analyte ions and their
stable isotopic analogue ions as internal standards having the same or near identical
MS signal responses is the ideal requirement [60]. For targeted analysis of a limited
number of analytes, this approach, referred to as isotope dilution mass spectrometry
(IDMS) is applicable with the advantage of providing absolute quantities of targeted
biomolecules [90, 173-175]. However, during a typical quantitative ‘-omics’ study, the
requirement to quantify hundreds to thousands of individual analytes makes the
preparation of the corresponding stable isotope-labeled standards impossible.

Alternatively, metabolic labeling and chemical labeling can incorporate stable isotope
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labels to biomolecules at large scale, enabling relative quantification of individual
biomolecule in cells or tissues under various stimuli [4, 60, 71]. Details of isotope
labeling strategies developed and their application for quantitative analysis of
biomolecules are discussed below.
1.2.2.2.1 Stable Isotope-Labeled Analogue Internal Standards

For absolute quantification of targeted peptides using IDMS, most isotopically
labeled internal standards can be easily synthesized using commercially available
isotopically labeled amino acids and automated peptide synthesis [176]. For proteins,
either their unique peptide sequences or the proteins themselves can be isotopically
labeled through chemical or biological synthesis as internal standards. Currently,
although still relatively expensive, isotope-labeled peptides are widely employed as
surrogates for absolute quantification of proteins using MRM analysis [173, 177].
However, since those isotopically labeled peptides are usually spiked into the samples
at a late stage of the sample preparation, systematic errors (e.g., sample loss and
sample handling-induced modification of targeted proteins) prior to standard spiking can
affect the accuracy of quantification if no correction is made [178, 179]. Alternatively,
several methods using various types of isotopically labeled protein internal standards
were developed to overcome this limitation. Caroll et al. used recombinant DNA
techniques to construct an isotopically labeled protein containing 59 tryptic internal
standard peptides for absolute quantification of 27 enzymes using IDMS [180].
Systematic errors arising from tryptic digestion were minimized since targeted proteins
and the biologically synthesized protein standards were mixed before digestion.

Methods describing biosynthesis of stable isotopic analogues of targeted proteins in
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cells or cell-free systems were also reported and applied to considerably minimize
sample handling-related errors in IDMS analysis by spiking these protein standards into
samples at the earliest stage of sample handling (e.g., cell lysis or collection of biofluids)
[178, 179, 181].

Due to the structural complexity of lipids, especially for glycerolipids and
glycerophospholipids, synthesizing a large array of their stable isotopic analogues is
very challenging [66]. To date, quantitative IDMS analysis of lipids using stable isotopic
analogue internal standards mainly target biologically relevant ‘simple’ lipids (e.qg.,
cholesterol [90], fatty acid [174] and ceramide [182]). For the similar reason related to
lack of enough stable isotopic analogue standards, methods for quantitative IDMS
analysis of oligosaccharides were less developed. For nucleic acids, IDMS analysis for
guantification of DNA damage is continuously gaining popularity [3]. Due to the often
low abundance and stoichiometry of DNA damage or modification, DNA is usually
hydrolyzed to produce nucleobase monomers instead of the whole biopolymer as
targets of MS analysis [3]. Correspondingly, stable isotopic analogues of the targeted
modified nucleobase monomer can be spiked in before downstream sample preparation
and analysis. For other small molecule metabolites, IDMS is now the gold standard for
quantitative analysis [183].
1.2.2.2.2 Metabolic Labeling

Metabolic labeling for MS-based quantitative analysis of biomolecules is mainly
achieved through replacing the monomers of biopolymers (e.g., proteins [60] and
saccharides [184]) with corresponding stable isotopic analogues during biosynthesis.

For MS-based quantitative proteomics, metabolic labeling can incorporate stable
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isotope labels into proteins at the earliest stages (i.e., biosynthesis) to maximally avoid
the sample handling-related errors [60]. Currently, the most widely applied metabolic
labeling method for protein samples derived from cultured cells is stable isotope labeling
with amino acid in cell culture (SILAC) developed by Ong et al.. Heavy stable isotope
(i.e., 3C and '®N) labeled arginine and lysine added in the cell medium ensure that,
after digestion of the extracted proteins, most of the tryptic peptides having arginine or
lysine residues at their C-terminus will contain at least one stable isotope labeled amino
acid residue [185]. By adding arginine and lysine incorporated with various numbers or
identities of stable isotopes during cell culture to differentially label multiple sets of
samples, intensities of isotopic clusters of the differentially labeled and pooled peptides
can be detected through mass spectrometric analysis and used as surrogates for
protein expression levels. More modified versions of the SILAC strategy were also
developed to quantitatively study protein synthesis and degradation (i.e., pulsed SILAC)
[186] or enable quantitative analysis of proteins between animals [187].

Mass spectrometry-based quantitative analysis of metabolically labeled
oligosaccharides has also been demonstrated using murine embryonic stem cells
cultured with and without addition of °N-labeled glutamine as the only nitrogen source
of hexosamines [184]. One of the disadvantages for metabolic labeling strategies is that
most of the methods are only applicable to cultured cells instead of samples from
animals or human where the stable isotope incorporation during biosynthesis of
analytes is unlikely. Another disadvantage is the possibility of overlapping peaks in the
mass spectra of multiplexed (>3) metabolically labeled samples, which can compromise

the accuracy of quantification [60]. High resolution MS (m/Am > 200,000 at m/z 400)
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combined with neutron-coded SILAC represents a promising quantitative strategy
employing subtle mass differences of stable isotopes (e.g., 36 mDa between 3Cg'°N2-
labeled lysine and Ds-labeled lysine) to theoretically enable highly multiplexed
quantitative analysis but has not been practically applied [25]. An alternative solution is
chemical labeling as discussed below.

1.2.2.2.3 Chemical Labeling

In chemical labeling strategies for stable isotope incorporation and subsequent
MS-based quantitative analysis, samples under different experimental conditions are
separately derivatized by a set of stable isotope-encoded reagents so that the same
labeled biomolecules in different samples become stable isotopic analogues. After
pooling of separately derivatized samples, MS analysis can provide quantitative
information based on ratiometric measurement of 1) the intensities of differentially
labeled biomolecular ions in mass spectra if they have different m/z or 2) the intensities
of reporter ions derived from differentially labeled and isobaric biomolecular ions in
MS/MS or MS? spectra [60].

For quantitative analysis of peptides and proteins, chemical labeling methods
employing MS-based quantification include isotope-coded affinity tags (ICAT) and
dimethyl labeling [188, 189]. ICAT reagents target the thiol group-containing side chains
of cysteine residue. A biotin group is also incorporated in each ICAT reagent to enable
sample enrichment through affinity chromatography. Dimethyl labeling selectively reacts
primary amine groups on the N-terminus and side chains of lysine residues with
formaldehyde and its stable isotopic analogues followed by reduction using

cyanoborohydride. This method is gaining its popularity due to the inexpensive reagents

35



and applicability to a broad quantity range of samples (sub-micrograms to milligrams)
[189]. However, due to the incorporated deuterium in both reagents, these two methods
suffer from the deuterium isotope effect-induced retention time shift during reverse
phase LC [190]. The ability to perform highly multiplexed quantification is also limited to
pools of at most three differentially labeled samples due to the increasing complexity of
the mass spectra when combining multiple labeled samples together [60].

Alternatively, isobaric stable isotope-coded reagents employing MS/MS or MS3-
based quantification can overcome these limitations by measuring the peak intensities
of reporter ions in the low mass range of MS/MS or MS? data where the spectra are
relatively simple compared to MS data [60]. Retention time shifts during reverse phase
LC separation can be avoided since isobarically labeled peptides co-elute precisely [60].
Tandem mass tags (TMTs) (up to 10 plex) [191] and isobaric tags for relative and
absolute quantification (iTRAQ) (up to 8 plex) [192] are the two most popular methods
for this purpose and both types of reagents are commercially available. Similar to
dimethyl labeling, TMTs and iTRAQ reagents both target the primary amine groups of
peptides. Even higher orders of multiplexed quantification (12 plex) have been
demonstrated by a combination of ICAT, dimethyl labeling and iodoacetyl-TMT methods
[193].

For lipids, iTRAQ and other NHS ester-based reagents were also developed for
MS/MS-based quantification of primary amine-containing lipids. For example, Berry et al.
have previously reported results from ITRAQ and isotope labelled 4-
(dimethylamino)benzoic acid NHS ester derivatization of primary amino groups for the

guantitative analysis of diacyl-, ether- and plasmalogen-PE lipids in complex biological
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mixtures [194-196]. Nabetani et al. also recently applied the iTRAQ labeling strategy for
the quantitative analysis of hydrolyzed ceramide lipids [197]. For quantitative analysis of
oligosaccharides, a modified TMT reagent, stable isotope labeled carbonyl-reactive
tandem mass tags (glyco-TMTs) was also developed and applied to study N-linked
protein glycosylation profiles of the isogenic primary colorectal cancer cell line, SW480
and its malignant cell line, SW620 [198]. It should be noted that depending on the
mixture complexity and prior chromatographic fraction that may be used, these current
isobaric stable isotope tagging methods for quantification of biomolecules using low
mass reporter ions may suffer from interference in the reporter ion abundances due to
the presence of co-isolated and fragmented precursor ions present within the isolation
window that is used prior to dissociation [199, 200]. MS? dissociation [201], gas phase
purification using proton transfer reaction [202] and ion mobility separation [203] have
been proposed to minimize the described limitations for quantitative proteomic studies.
A method employing neutral loss product ions of derivatized aminophospholipids for
relative quantification after isobaric stable isotope labeling is also described in Chapter
three to avoid the possible interference in low mass reporter ions-based quantification.
1.3 Aims of this Dissertation

The aims of this dissertation include:

1. Development of a novel gas-phase cross-linking reaction for saturated and
unsaturated TG lipid ions using di-iodoaniline reagents and photo-induced
radical chemistry in a modified ion trap mass spectrometer enabling UVPD

experiments.
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. Characterization of the structures and formation mechanisms of cross-linked

TG lipid ions and elucidation of the effects of various cross-linkers and TG
lipid structures using multistage CID-MS/MS.

. Characterization of CID and HCD fragmentation behaviors of S,S'-
dimethylthiobutanoylhydroxysuccinimide ester iodide (DMBNHS) derivatized
aminophospholipids.

. Development of a novel strategy for characterization and multiplexed
guantification of deuterium-coded DMBNHS derivatized aminophospholipids
in complex biological samples using high resolution/accurate mass ESI-MS,
CID-MS/MS, HCD-MS/MS and -MS3,

. Development of a quantitative immuno LC-MS/MS method for parathyroid
hormone (PTH) and its in vivo oxidation and truncation.

. Characterization of novel post-translationally modified PTH in patient samples
using the immuno LC-MS/MS workflow.

. Quantitative proteomic analysis to study the drug action mechanism of a non-
competitive proteasome inhibitor, TCH-013 using dimethyl labeling and two

dimensional LC-MS/MS.
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CHAPTER TWO
Photo-Induced Inter-Molecular Cross-Linking of Gas Phase Triacylglycerol Lipids

lons

2.1 Introduction

Plant derived oils have widespread use as renewable ‘green’ feedstock
components in a diverse range of industrial applications, including food, cosmetics,
pharmaceuticals, antioxidants, biofuels, surfactants, lubricants, and polymers. For
example, the cross-linking of triglycerol (TG) lipids or their derivatives is a common
process associated with the industrial scale synthesis of plant oil-based polymers [204],
as well as being an unwanted reaction associated with long term storage [205] and high
temperature cooking (e.g., frying) [206]. However, the physical and chemical properties
of the polymeric products from these reactions are known to be affected by many
factors, including the structures of the TG monomers (i.e., the length of the fatty acyl
chains, the number and positions of unsaturation sites, and their stereochemistry) [207],
the mechanism of the cross-linking reaction [208], and other experimental conditions.
Thus, a detailed understanding of these factors, particularly those relating to the
structure and intrinsic reactivity of the TG monomers under a given set of cross-linking
conditions, may provide important insights for the improved manufacture of polymers
with desired properties.

Traditionally, the cross-linking reactions of TG lipids or their derivatives are

conducted in the solution phase, then the products are analyzed by Fourier transform

The results described in this chapter were published in: Nie, S., Pham, H.T.,
Blanksby, S.J. and Reid, G.E. “Photo-induced inter-molecular cross-linking of gas
phase triacvlalvcerol lipid ions.” Eur. J. Mass Spectrom. 2015. 21, 287.
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infrared spectroscopy, Fourier transform Raman spectroscopy [209], and/or by reverse-
phase high-performance liquid chromatography [210] or gel permeation
chromatography [211]. However, these methods are often limited in their ability to obtain
detailed molecular information regarding the individual structural features of the TG
lipids that may be present within a complex mixture, that may affect their cross-linking
reactivity and the structure of their polymerized products. Thus, there remains a need
for the development of alternative approaches that enable monitoring and
characterization of the intrinsic intra- and/or inter-molecular interactions and chemical
reactivity of individual lipids within a given mixture.

As discussed in chapter one, MS and MS/MS-based methods are increasingly
being used to analyze the solution phase products of cross-linked biomolecular
polymers [212], as well as to characterize the products of cross-linking reactions
performed in the gas phase, using a variety of activation methods including collision
induced dissociation (CID) [213] and ultraviolet photo-dissociation (UVPD) [214].
Interestingly, Muller et al. recently reported the formation of an inter-molecular cross-
linking reaction within a non-covalent dimer of a diacylglycerol (DAG) anion and a
neutral DAG molecule upon performing CID in negative ionization mode [215]. However,
the Sn2 nucleophilic substituent mechanism associated with this reaction cannot readily
be directly applied to the formation and analysis of cross-linked TG lipids, which may
contain carbon-carbon (C=C) double bonds as the only reactive sites, and are usually
observed in positive ionization mode.

Considering that the C=C bond of unsaturated TG lipids is one type of reactive

site commonly involved in the solution phase radical polymerization of plant oils [216], it
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is interesting to study whether similar reactions could be achieved in the gas phase, in
which radical addition and recombination drive the cross-linking process. Radicals can
be easily generated by UVPD of precursors containing carbon-iodine [115] or carbon-
sulfur bonds [116], via the incorporation of weak bonds that easily undergo homolysis
during CID [118, 217] and through CID-induced one-electron oxidative dissociation of
metal ion/biomolecule complex ions [218, 219]. An example of the formation of a
covalent linkage between a radical precursor and the site of unsaturation within a TG
lipid via radical addition, using 266 nm UVPD, was recently reported by Pham et al. [153]
In that work, a non-covalent complex consisting of protonated 4-iodoaniline ion and a
neutral unsaturated TG lipid was introduced into a modified ion trap mass spectrometer
via electrospray ionization (ESI), then isolated and subjected to activation with 266 nm
UV photons. This resulted in homolysis of the carbon-iodine bond and the formation of
an anilinyl radical that subsequently underwent radical addition to yield a covalent bond
between the protonated aniline and the TG molecule. The presence of the radical within
this product ion was then shown, using CID-MS3, to direct the dissociation toward novel
analytically useful fragmentation pathways (e.g., to enable determination of the site(s) of
unsaturation within the acyl chain(s)). In this chapter, it was demonstrated that using
UVPD and multistage CID-MS" experiments, similar reactions involving a protonated
diiodoaniline ion non-covalently associated with two neutral saturated or unsaturated
TG lipid molecules can occur, resulting in the formation of multiple cross-linked TG

products.
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2.2 Results and Discussion
2.2.1 Photo-Induced Dissociation of Protonated Diiodoaniline-TG Dimer Complex

lons

Diiodoaniline (dilA) was selected as a potential cross-linker for TG lipids for
several reasons. First, the protonated amine group of dilA could be an effective ionizing
adduct for a TG dimer since the detection of an ammonium cation complexed with a TG
dimer after ESI has been reported [220]. Second, the phenyl ring of dilA is a
chromophore, which increases the cross section for photon absorption. Finally, the
biradical product that is generated upon cleavage of the two carbon-iodine bonds upon
activation with UV photons has the potential to form covalent linkages by reaction at
sites of unsaturation (as well as at other sites — see below) within the TG lipids [153]. To
first establish the feasibility of using dilA as a photo-induced inter-molecular cross-
linking reagent for TG lipids, sample solutions containing either mono-unsaturated
TGqa0n6:114:.00 or saturated TGqaone014:00 With 3,4-dilA, 2,4-dilA or 3,5-dilA were
introduced into the modified linear ion trap mass spectrometer via ESI. In the resultant
mass spectra (data not shown), abundant ions were observed at m/z 1841 and 1845,
respectively, with broad peak widths, that were found to correspond to the presence of
[2TG4:016:114:0) + dilA + H]* and [2TGaa:.0116:0114:0) + dilA + H]* with calculated m/z values
of 1843.3 and 1847.3, respectively. The broadened peak widths and shifted m/z values
compared to the theoretical values for these non-covalent complexes can be explained
as being due to dissociation occurring during resonance ejection [221, 222]. The
phenomenon of mass shifts and broadened peak widths associated with the presence

of non-covalently linked TG dimer complex precursor and product ions were observed
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consistently in the experiments described herein, but did not negatively affect
interpretation of the results. Figure 2.1A and 2.1B show the product ion spectra
obtained following 266 nm UVPD-MS/MS spectra of the precursor ions of
[2TGa4.0n6:114:00 + 3,4-dilA + H]" (complex 1) and [2TGu4.0ne014:00 + 3,4-dilA + H]*
(complex 2) containing 3,4-dilA, respectively, while Figure 2.1C shows the UVPD-
MS/MS spectrum obtained from the [2TGua4.0n6:1140) + 2,4-dilA + H]" (complex 3)
precursor ion containing 2,4-dilA. In each case, product ions corresponding to the
sequential neutral losses of one and two iodine radicals were observed, as well as,
additional products corresponding to the further losses of intact neutral TG molecules.
The anilinyl biradical-containing product ions that were formed via the loss of two iodine
radicals (i.e., m/z 1588.7 in Figure 2.1A, 1592.7 in Figure 2.1B and 1588.9 in Figure
2.1C) can then potentially undergo subsequent reactions via either radical addition or
hydrogen abstraction. Radical addition at unsaturation site(s) within the unsaturated
TGua:.016:114:00 containing dimers in Figure 2.1A and 2.1C would be analogous to
chemistry previously reported by Pham et al. [153]. Hydrogen abstraction is at least
thermodynamically feasible [223] at some sites along the fatty acyl chains and on the
glycerol backbone of the TG molecules within both the unsaturated TG4:0116:1/14:0) and

the saturated TGqa4:0/16:0/14:0) dimers.

43



[2TG14.016:1114:073,4-dIIA+H]*

100 1841.2
1841
| A ? UVPD
| < - O
840.5 1714.0
— 'TG(14:0116:1/14:0)
966-94 1094.0 o
7 B -l < 1588.7
"N A
400 600 800 1000 1200 1400 1600 1800 2000
;\E’\ [2TG14:0n6:014:0+3:4-diIIA+H]*
~ 100 B 1844.9 1845
2 7 | uvPD
S | O
[ -l
2 TG 171<70
- - 19(14:0/116:0/14:0) .
< 968.8 14959 g
) i 842.4 - <
2 < -l < 1592.7 A J
E T T T T T T T T l\ T T ]
g 400 600 800 1000 1200 1400 1600 1800 2000
[2TG(14:0,1631,14:0)+2,4-di|A+H]"
100 - 1840.6
1841
| C ? UVPD
| O
'TG(14:0/16:1/14:0) < -
7 97.5 1093.9 1713.7
. 8405 | |« <
l< 155i8.9
400 600 800 1000 1200 1400 1600 1800 2000
m/z
Figure 2.1 lon trap 266 nm UVPD-MS/MS of mono-unsaturated and saturated TG

homodimer complex ions with protonated dilA. (A) 2TG@4:.016:1/14:0) + 3,4~
dilA (complex 1), (B) 2TGaa4.onson40) + 3,4-dilA (complex 2) and (C)
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are fragile ions and as such exhibit an apparent mass-shift to lower m/z

(see explanation provided in the text).
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2.2.2 Proposed Mechanisms and Structures of Covalently Cross-linked TG Dimer

Product lons

Figure 2.2 shows proposed mechanisms for the initial photo-dissociation reaction
and subsequent formation of cross-linked TGs as well as unlinked products from
complex 1. After homolysis of the carbon-iodine bonds, and formation of the protonated
anilinyl biradical ion, H-abstraction at an aliphatic C-H bond followed by radical
recombination may occur to yield the inter-molecular cross-linked product ion structure
la. Alternatively, radical addition to a C=C bond followed by radical recombination, or H-
abstraction at an aliphatic C-H bond followed by radical recombination, would yield
structures 1b and 1c, respectively. It should be noted that while H-abstraction may be
possible from C-H bonds at a number of positions on each of the fatty acyl chains of the
two saturated or unsaturated TG molecules in the complex ion, the thermodynamically
preferred H-abstraction positions are expected to involve activated C-H bonds adjacent
to the C=C, C=0 and C-O bonds [223]. Cross-linking could also take place at sites
remote to the site of the initial H-abstraction, after radical site migration. Thus,
structures l1a and 1c should be considered representative of the many possible inter-
molecular cross-linked structures that may result from the mechanisms illustrated in
Figure 2.2.

Interestingly, a significant increase in the relative abundance of the 266 nm
UVPD-MS/MS cross-linked TG dimer product ions, [2TG + dilA - 21 + H]* under the
same experimental conditions was observed as a function of the number of C=C bonds
within the TG lipids. For example, the % relative abundance of the product ions from

complex 1, and from [TGaa4.0n6:114:00 + TGas.ons:ie0) + 3,5-dilA - 21 + H]* (data not
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shown), both containing two C=C bonds, were found to be 5.6% + 0.3 (h=3) and 4.7% *
0.1, respectively, whereas the yield of [TGua4.0116:014:0) + TG@e:0118:1/16:00 + 3,5-dilA - 2| +
H]* (complex 4) containing one C=C bond and complex 2 containing no C=C bonds
were only 3.2% = 0.1 and 1.9% + 0.3, respectively. This suggests that TG lipids
containing a greater number of sites of unsaturation are more easily cross-linked with

diiodoaniline in the gas phase.
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2.2.3 Proposed Fragmentation Mechanisms of TG Dimer Product lon Structures

la, 1b and 1c

Initial evidence for the various cross-linking reaction product ion structures
proposed in Figure 2.2 was provided by performing CID-MS? of unsaturated [complex 1
— 2I]* at m/z 1588.7 in Figure 2.1A, saturated [complex 2 - 2I]" at m/z 1592.7 in Figure
2.1B and unsaturated [complex 3 - 2I]* at m/z 1588.9 in Figure 2.1C. The resultant
spectra are shown in Figure 2.3A, 2.3B and 2.3C, respectively. CID-MS/MS of
unsaturated complex 1 and saturated complex 2 (data not shown) each resulted in the
loss of a neutral TGa4:016:1/14:0) Or TG4:0/16:0/14:0) @S the only dissociation pathway. Thus,
the presence of additional products formed upon CID-MS? of the three [2TG + dilA - 21 +
H]* UVPD-MS/MS product ions are suggestive of the formation of new covalent linkages
within these products. Furthermore, the differences between the CID-MS?2 spectra from
the unsaturated complex 1 and saturated complex 2 must be due to the presence of the
unsaturation site(s) in the TGaa4:.0116:1/14:0) dimer ion, and therefore can be assigned as
arising from dissociation of structures 1b or 1c. These include m/z 1361.0 (loss of 14:0
fatty acid (FA)), 1132.8 (loss of two 14:0 FA), 1076.7 (loss of diacylglyceridea4:0114:0)
(DG4:014:0))), 848.6 (loss of DG4:0114:00 and 14:0 FA), 564.5 (loss of 2 DG4:014:0)) and
538.4 (loss of DGa4:016:1) and DG4:014:0)), each formed via cleavage of covalent bonds
within the TG dimer ion [224], and the increased abundance of m/z 840.5 in Figure 2.3A
relative to m/z 842.4 in Figure 2.3B. Similarly, the differences between the CID-MS3
product ion spectra from the unsaturated [complex 1 — 2I]* and [complex 3 — 2I]* in
Figure 2.3A and 2.3C must be due to the locations of the radical sites upon photo-

dissociation of the protonated 3,4-dilA and 2,4-dilA adducts.
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major product ions formed from proposed structures 1a, 1b and 1c in Figure

m/z

2.2 are labeled in Figure 2.3A.
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To obtain further direct evidence for the proposed 266 nm UVPD-MS/MS product
ion structures 1a, 1b and 1c, each of the major product ions observed in the CID-MS3
spectra shown in Figure 2.3 were then subjected to further dissociation. For example,
the CID-MS* spectra of m/z 1496.1 [complex 1 - 2| - aniline]*, m/z 840.5 [complex 1 - 2|
- TGuaons114:0]" and m/z 1361.0 [complex 1 - 21 - 14:0 FA]* from Figure 2.3A,
representing first generation products formed from proposed structures 1a, 1b and 1c,
respectively, are shown in Figure 2.4A, 2.4B and 2.4C.

It is reasonable to expect that structure 1a, containing an inter-molecular cross-
link directly between the two TG monomers, would undergo the facile loss of neutral
aniline upon CID-MS? activation. Thus, CID-MS* of the [complex 1 - 2I - aniline]*
product was performed (Figure 2.4A), resulting in the dominant loss of a neutral 14:0
fatty acid at m/z 1267.9, that notably was also observed as the dominant product ion in
the CID-MS® spectra in Figure 2.3A. This ion subsequently underwent further
dissociation (as determined by MS®, and by MS* of the m/z 1267.9 in Figure 2.3A), to
yield the products at m/z 495.5 and m/z 521.5 in Figure 2.4A (and in Figure 2.3A). The
proposed structures of the m/z 1267.9 and m/z 495.5 ions, and mechanisms for their
formation, are shown in Figure 2.5. The product ion at m/z 521.5, containing a 16:1 fatty
acyl chain, would be formed by a mechanism similar to that for m/z 495.5, but involving
an initial UVPD-MS/MS product ion cross-linked between 16:1 and 14:0 fatty acyl
chains rather than the two 16:1 chains as shown in Figure 2.5. Notably, the spectrum
obtained by CID-MS* of the m/z 1499.2 and m/z 1496.1 product ions in Figures 2.3B
and 2.3C (i.e., saturated [complex 2 - 2| - aniline]* with 3,4-dilA and unsaturated

[complex 3 - 2] - aniline]* with 2,4-dilA) were both similar to that in Figure 2.4A (the
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characteristic mass shifts due to the lack of double bonds in the product ions formed
from the saturated TG dimer were used to help assign the compositions of the various
product ions). This demonstrates that the presence of the double bond(s) and the
location of the radical sites within the protonated dilA ion played no significant role in the

formation of proposed structure 1a.
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Structure 1b, containing an intra-molecular four-membered ring resulting from
radical addition and radical recombination of the two phenyl radicals to a C=C double
bond in one of the TG molecules, does not contain any covalent cross-links between the
two TG molecules. Thus, it is expected that the major CID-MS? fragmentation pathway
for this structure would involve the loss of a neutral TG to yield the product ion at m/z
840.5 in Figure 2.3A. CID-MS* of the [complex 1 - 2| - TGuao1e:14:0)]" product ion
(Figure 2.4B) resulted in the formation of a dominant product at m/z 328.3 consistent
with aniline covalently linked to a protonated 16:1 fatty acyl containing ketene product
ion, as well as various other product ions consistent with structure 1b. Proposed
mechanisms and structures for formation of the various product ions shown in Figure
2.4B, are shown in Figure 2.6.

Further evidence for the presence of the non-cross-linked structure 1b was
obtained by examining the CID-MS? dissociation of the UVPD-MS/MS product ion of
unsaturated/saturated TG heterodimer complex 4 (Figure 2.7), where the major
fragmentation pathways could involve the loss of either a neutral TGas:018:1/16:00 Or
TGua:.016:014:0. However, primarily only the neutral TGaa4:016:0114:0) losSs was observed,

indicative of the involvement of the C=C bond in the structure of the precursor .
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Evidence for structure 1¢ was obtained by CID-MS* of the [complex 1 - 2I - 14:0
FA]" product ion at m/z 1361.0 from Figure 2.3A (Figure 2.4C), in which the dominant
product observed at m/z 1132.8 corresponded to the neutral loss of a second 14:0 fatty
acid molecule (as well as m/z 1106.9 corresponding to the loss of a 16:1 fatty acid), and
various other products consistent with the presence of the anilinyl moiety covalently
linked at the site of unsaturation in the 16:1 fatty acyl chain. Proposed structures and
mechanisms for the formation of these ions are shown in Figure 2.8. Inter-molecular
cross-linking between the two sites of unsaturation (i.e., via sequential radical addition
reactions of the anilinyl biradical with the two separate C=C bonds within the
2TGaa4016:1/14.00 homodimer) cannot be ruled out. However, the data obtained from
control experiments involving the TG heterodimer complex 4 consisting of a saturated
TGu4o160140) and a mono-unsaturated TGae:ons:1/16:0) (Whose CID-MS?® spectrum is
shown in Figure 2.7) resulted in similar fragmentation behaviors, indicating that
complexes with two versus only one C=C bond have similar cross-linked structures. In
other words, cross-linking between two sites of C=C bond cannot be a dominant

process.
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2.2.4 Effects of Structures of the Cross-Linker and TG Lipids on the Formation of

Cross-Linked TG Dimer Product lons

Next, the effect of the structure of the cross-linker on the reactivity and formation
of product ion structures of cross-linked TG dimer product ions was investigated by
using 2,4-dilA versus 3,4-dilA as the cross-linker. No difference in the initial 266 nm
UVPD-MS/MS reaction efficiency was observed as a function of the identity of the
diiodoaniline adduct (e.g., compare the relative abundance of the [2TG@4:0116:1/14:0) + dilA
- 2| + H]* product ions in Figures 2.1A and 2.1C). However, a significant decrease in the
formation of the non-cross-linked product ion structure 1b was observed when using
2,4-dilA, as evidenced by the low relative abundance of the ion at m/z 840.5 in Figures
2.1C and 2.3C corresponding to [complex 3 - 2| - TGua4:.0116:1114:0)]" compared to Figures
2.1A and 2.3A. A reasonable explanation is that after UVPD-MS/MS, the 3,4-biradical
can readily undergo radical addition and recombination with the C=C bond of the TG
molecule to form a stable four-membered ring. Furthermore, the 3,4-biradical has aryne-
character and thus may undergo concerted [2+2]-cycloaddition at sites of unsaturation
[72, 225]. This mechanism would also result in product 1b and may compete favorably
with the desired cross-linking biradical reactions that yield product types la and 1c. In
contrast, the yield of the characteristic product ions for structure 1c were observed to
significantly increase when using the 2,4-dilA adduct compared to 3,4-dilA. This
observation is consistent with the thermochemistry of H-abstraction for the 2,4- and 3,4-
biradicals based on the known bond energies of the benzyne archetype. That is,
experimental measurements find ortho-benzyne to be some 16 kcal mol* more stable

that its meta-isomer which translates to an enhanced H-atom affinity in the latter of the
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same magnitude [223, 226]. While the impact of the local ammonium moiety on the
benzyne energetics is unknown, the stability trend is likely to be preserved and thus
predicts that the 2,4-biradical formed from 2,4-dilA is more likely to initiate H-abstraction
chemistries than its 3,4-isomer, consistent with the observations made here.
2.2.5 Solution Phase Cross-Linking of TG lipids

The reactivity of TG lipids toward cross linking reaction upon activation of 266 nm
UV photon and addition of diiodoaniline cross linker in solution phase was also
investigated. After irradiation of 266 nm UV photons to the sample solution containing
TGua:.016:114:0) and 3,5-dilA for 9 min, product ions at m/z 1495.9 corresponding to m/z
of [2TG4.0n6:114:0) + 3,5-dilA — aniline - 21 + H]* were observed in the MS analysis in
Figure 2.9A. In Figure 2.9B, further CID-MS/MS analysis of the product ions at m/z
1495.9 from Figure 2.9A produced similar fragmentation patterns compared to that of
the major cross-linked product ions at m/z 1496 from structure 1a in Figure 2.4A. The
observed similarity suggested that same cross-linked TG lipids were synthesized in both
gas phase and solution phase. Compared to Figure 2.1A, the missing product ions of
[2TGa4016:114:0) + 3,5-dilA — aniline - 21 + H]* in Figure 2.9A was possibly due to the fact
that the required irradiation time (~minutes) of solution phase TG cross-linking reactions
in order to observe abundant product ions was much longer than that in gas phase (<=
30 ms). Thus most of the [2TGa4:.016:1114:0) + 3,5-dilA -2I + H]* ions were activated by UV

photons and further fragmented to loss an aniline.
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Figure 2.9 lon trap MS and MS/MS analysis of products in solution phase inter-
molecular cross-linking reactions of TG lipids. (A) MS analysis of products in
the solution containing TGa4:.016:114:00 and 3,5-diiodoaniline after 9 min of
irradiation with 266 nm UV photons; (B) CID-MS/MS analysis of the product

ions at m/z 1496 from Figure 2.9A.
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2.3 Conclusions

The inter-molecular gas phase cross-linking of TG lipid dimers has been
demonstrated using anilinyl biradical ions formed via 266 nm UVPD-MS/MS of
protonated diiodoaniline adducts. Using multistage CID-MS3, -MS* and —-MS®, cross-
linking was shown to occur via sequential combinations of H-abstraction, radical
addition and recombination reactions. The efficiency of the UVPD reactions, and the
competition between the various inter-molecular cross-linking and non-cross-linking
reaction pathways, were shown to be dependent on the number of unsaturation sites
present within the TG lipids, as well as on the locations of the biradical sites within the
protonated aniline adduct ion. The reactivity of cross linking reactions in the gas phase
were observed to be identical to those obtained upon photo irradiation of the TG lipids in
the presence of 3,5-diiodoaniline in solution. Importantly, while there are many possible
inter-molecular cross-linked structures that may result due to the large number of sites
at which H-abstraction can occur (and in which the aniline adduct may or may not be
covalently incorporated), this type of novel gas phase cross-linking reaction provides a
method to covalently link two molecules without the requirement of any specific
functional group. Thus, the same approach could be applied to perform gas phase

cross-linking within a wide range of biomolecular classes.
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CHAPTER THREE
Characterization and Multiplexed Quantification of Derivatized
Aminophospholipids
3.1 Introduction

Glycerophosphoethanolamine (PE) and glycerophosphoserine (PS) lipids are
subclasses of glycerophospholipids containing a primary amine functional group
attached to the terminal end of the phosphoglycerol backbone. Under normal
physiological conditions in eukaryotic cells, anionic PE and PS lipids reside
predominantly or exclusively in the inner leaflet of the plasma membrane, respectively,
where they play important roles in regulating various biological processes including
intra- and inter-cellular signaling, phagocytic recognition, apoptotic cell clearance, cell
division, angiogenesis and vascular remodeling [227-230]. Abnormalities in the
metabolic regulation of aminophospholipid compositions and distributions therefore
have established roles in human diseases including cancer, diabetes, obesity and
neurodegeneration [231-235].

Significant advances in lipidomics over the past ten years have largely been
driven by developments in mass spectrometry instrumentation and associated methods
for the comprehensive identification, structural characterization and quantification of the
array of structurally diverse lipid classes and molecular lipid species that may be
present within a cell, tissue or body fluid (e.g., plasma) sample of interest [66]. To date

however, most of the developed quantification strategies have required the separate

The results described in this chapter were published in: Nie, S., Fhaner, C.J.,
Liu, S., Peake, D., Kiyonami, R., Huang, Y. and Reid, G.E. Characterization and
multiplexed quantification of derivatized aminophospholipids. Int. J. Mass Spectrom.
2015, doi:10.1016/i.iims.2015.07.002.
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analysis of each sample, with appropriate technical replicates and corrections based on
the inclusion of internal standards, in order to be able to draw any conclusions regarding
the biological significance of changes observed between the samples. This is a
particular challenge for certain lipid classes, e.g., PS lipids that are observed as only
minor components of eukaryotic membranes. Improved sensitivity for the positive
ionization mode MS detection of low abundant aminophospholipids has been
demonstrated using various chemical labeling methods (i.e., incorporation of fixed
charge and/or hydrophobic groups) [24, 91, 92].

For mass spectrometry-based absolute quantification of molecular lipid
concentrations, isotopically labeled internal standards that are chemically identical to
the lipid molecule of interest are required. However, this is often impractical due to the
limited number of lipid internal standards that are commercially available, and the
estimated thousands of possible lipid structures that may be present. Alternatively,
albeit with its own potential limitations, a single internal standard for a lipid class can be
used [23]. Thus, many groups chose to report quantification results using relative, rather
than absolute, methods which require internal standards only for normalization of
differences in technical variances between the samples [24, 138, 236-238].

An emerging method for improving the accuracy of mass spectrometry-based
relative quantification of lipids involves the use of isobaric mass stable isotope labeling
derivatization reagents, coupled with MS/MS analysis, analogous to those used in
contemporary quantitative proteomics e.g., iTRAQ or TMTs as described in Chapter one,
section 1.2.1.3.3 [239]. For example, primary amine specific iTRAQ and isotope-labeled

4-(dimethylamino)benzoic acid NHS ester derivatization have been employed for
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guantification of aminophospholipids [194-196] and hydrolyzed ceramide lipids [197].
Quantitative information can be readily obtained by ratiometric measurement of the
abundances of isotopically encoded low mass reporter ions from each sample, upon
MS/MS of their isobaric mass precursor ions. Using these methods, run-to-run or even
scan-to-scan variance in lipid ion abundances can be avoided since different samples
are ionized and mass analyzed simultaneously after separate derivatization and mixing.
However, special attentions need to be paid to avoid the interference in the intensities of
low mass reporter ions caused by the presence of co-isolated and fragmented precursor
ions present within the isolation window that is used prior to dissociation. For example,
diacyl-PE or -PS lipids have only a Am of 0.0363 Da compared to ether-PE or -PS lipids
which contain the same degree of unsaturation but with one more carbon on their acyl,
alkyl or alkenyl chains. Although MS? dissociation, gas phase purification using proton
transfer reaction and ion mobility separation methods have been developed to
overcome the similar limitation for quantitative proteomic studies, they are not
necessarily applicable to lipid analysis due to the decreased sensitivity [201] or the need
for multiply charged precursor ions [202] or specific instrumentation [203]. Moreover,
structural information on the acyl, alkyl or alkenyl chain compositions of
aminophospholipid ions cannot be acquired in positive ionization mode using current
isotope tagging methods, which compromises the throughput of analysis if structural
characterization of lipid molecular species is desired.

Lu et al. have previously reported the development and application of an isobaric
mass stable isotopic labeled derivatization strategy using de-‘heavy’ and de-‘light’

variants of the DMBNHS reagent described above, coupled with high
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resolution/accurate mass MS/MS for the simultaneous differential quantitative analysis
of phosphopeptides [82]. Using these reagents, the potential problem of reporter ion
overlap from co-isolated and co-fragmented precursors is reduced or eliminated, as
guantitative information is obtained by measurement of the intensity ratios of pairs of
isotopically encoded high m/z neutral loss ‘reporter’ ions formed by the loss of S(CD3)2
and S(CHs)2, rather than low m/z products. In this chapter, after first evaluating the gas
phase fragmentation behavior of DMBNHS derivatized diacyl-, alkyl ether- and
plasmalogen-aminophospholipids using different positive ionization mode collisional
activation conditions, a method employing de-heavy and des-light DMBNHS derivatization
for the simultaneous ‘two-plexed’ quantification and structural characterization of
aminophospholipids from within complex, crude lipid extracts has been developed and
its initial application was reported.
3.2 Results and Discussion
3.2.1 Characterization of the Gas Phase Fragmentation Reactions of DMBNHS

Derivatized Aminophospholipids

In order to develop an optimized strategy for the identification, structural
characterization and multiplexed quantification of DMBNHS derivatized diacyl-, alkyl
ether- and plasmalogen-aminophospholipids, their gas phase fragmentation behavior
using different collisional activation methods (linear ion trap CID and quadrupole-based
HCD) was first evaluated.
3.2.1.1 Diacyl-Aminophospholipids

A hybrid quadrupole-Orbitrap-linear ion trap mass spectrometer was used to

study the fragmentation of DMBNHS derivatized diacyl-PE and -PS lipids under linear
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ion trap CID and quadrupole-based HCD ion activation conditions. Representative
examples of the HCD-MS/MS fragmentation of DMBNHS derivatized PEas:ons:1) and
PSaeons:1) lipids are shown in Figure 3.1A and 3.1B, respectively. Proposed
mechanisms for the observed fragmentation reactions are shown in Figure 3.2.
Alternative mechanisms involving Sn2 nucleophilic attack by one of the acyl chain
carbonyl groups onto the glycerol sn-3 position are also possible, similar to that
previously demonstrated for the fragmentation of protonated PC lipids [35]. Further
experiments using deuterium labeled lipids would be required to determine the actual
mechanism that is responsible. However, both mechanisms yield product ion structures
with the same elemental compositions, so the specific mechanism that is responsible
does not negatively affect their assignment. In both spectra, a characteristic ‘reporter’
neutral loss of dimethylsulfide (S(CHs)2, 62 Da) was observed as the initial
fragmentation channel, similar to that previously described for other DMBNHS
derivatized primary amine-containing biomolecules [82, 127]. The product ions at m/z
605 in Figure 3.1A and m/z 577 in Figure 3.1B both correspond to the sequential loss of
an additional 209 Da (total neutral loss of 271 Da) or 253 Da (total neutral loss of 315
Da) from the initial [M-S(CHs)2]* product ions. These ions are analogous to the neutral
losses of 141 Da and 185 Da observed from non-derivatized protonated PE and PS
lipids, and were accompanied by complementary ‘reporter’ protonated product ions at
m/z 210 and 254 [2]. The observation of these low m/z ‘reporter’ ions is most likely due
to the higher proton affinity of the phosphoethanolaminohydrofuran containing
structures in these products compared to the phosphoethanolamine or phosphoserine

containing structures formed from the non-derivatized lipids. The decreased relative
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abundance of the m/z 254 product ion in the spectrum from the derivatized PS lipid
compared to m/z 210 for the PE lipid, and the corresponding increase in its
complementary m/z 605 neutral loss product, is likely due to its decreased proton
affinity resulting from the presence of the carboxylic acid group. Linear ion trap CID-
MS/MS spectra from the DMBNHS derivatized diacyl PE@as:0i18:00 and PSqe:oi18:1) lipids
were also acquired (data now shown). The exclusive neutral loss of S(CHzs)2 (62 Da)
was observed as the only product for both the PEs:0/18:00 and PSe:0/18:1) lipids. CID-MS?
of these neutral loss product ions (data not shown) resulted in the formation of
secondary products and relative abundances similar to those seen in Figure 3.1A and
3.1B, thereby confirming the sequential nature of the fragmentation reactions proposed

in Figure 3.2.
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HCD-MSS3 of the S(CHs)2 neutral loss product ions formed by linear ion trap CID
of the DMBNHS derivatized PE@s:.ons:1) (Figure. 3.3A) and PSgeons:1) (Figure. 3.3B)
lipids also yielded the expected secondary product ions at m/z 210 and the neutral loss
of 271 Da for the PE lipid, and m/z 254 and the neutral loss of 315 Da for the PS lipid.
The accurate mass values obtained for these products under Orbitrap detection
conditions provided further confidence for the composition of the structures proposed in
Figure 3.2. A series of molecular structure-specific fragment ions indicative of the
identity of the sn-substituents on the glycerol backbone were also observed in these
spectra, similar to that recently reported by Almeida et al. [23]. For example, in Figure
3.3A four product ions were observed at m/z 267.2668, 339.2876, 265.2512 and
341.3033, formed by further dissociation of m/z 605 and corresponding to protonated
and neutral losses of sn-1 18:0 and sn-2 18:1 ketene chains. Proposed mechanisms for
the formation of these ions are shown in Figure 3.4, analogous to those previously
described by Hsu and Turk for CID-MS/MS of protonated and lithiated
aminophospholipid ions [240, 241]. Similar fragmentation channels allowing assignment
of the sn-1 16:0 and sn-2 18:1 chains were also observed for the DMBNHS derivatized
PSae:ons:1) lipid (m/z 239.2372, 339.2897, 265.2528 and 313.2739 in Figure 3.3B).
Finally, the product ion observed at m/z 156.0656 in Figure 3.3B corresponds to the
neutral loss of H3POa4 from the m/z 254.0426 product ion. The equivalent product ion
from the DMBNHS derivatized PEs:01s:1) lipid in Figure 3.3A was not observed due to

the low mass cut off of m/z 150 used in these experiments.
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3.2.1.2 Alkyl Ether-Aminophospholipids

Alkyl ether-containing PE and PS lipid standards are not commercially available.
Thus, an abundant PE(o-34:1) lipid found in a crude lipid extract of SW620 colorectal
cancer cells was used here (after initially confirming its identity and structure by exact
mass ESI-MS and negative ion mode HCD-MS/MS) to study the fragmentation of
DMBNHS derivatized ether-PE lipids. Linear ion trap CID-MS/MS of the DMBNHS
derivatized PE0-34:1) yielded the neutral loss of S(CH3)2 (m/z 772.5836) as the dominant
fragmentation channel (Figure 3.5), while HCD-MS? fragmentation of this neutral loss
ion yielded the neutral loss of 271 Da (m/z 563.5369) and a product ion at m/z 210.0516
(shown in the inset to Figure 3.5), similar to that described above for the diacyl PE lipid
ions. An additional product ion at m/z 265.2513, corresponding to a protonated ketene
18:1, in the HCD-MS?® spectrum, and formed by the mechanisms described in Figure 3.4,
allowed assignment of the molecular lipid structure of this lipid as PE-16:0_18:1). These
data indicate that the presence of the alkyl-ether linkage does not significantly alter the
fragmentation behavior compared to their diacyl-linked counterparts. As alkyl ether-PS
lipids are not commercially available, and were not observed as abundant ‘pure’ species
in crude cellular lipid extracts from SW620 cells, the fragmentation of their DMBNHS
derivatized ions was not examined. However, based on the data described above, it is
expected that the fragmentation behavior of this sub-class of PS lipid would be similar to

that of the DMBNHS derivatized diacyl-PS and alkyl ether-PE species.
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Figure 3.5 CID-MS/MS analysis of a DMBNHS derivatized monoalkyl-ether PE lipid
PE(o-16:0_18:1) from a crude lipid extract of SW620 colorectal cancer cells.
The inset shows the HCD-MS?® spectrum of the S(CHzs)2 neutral loss (NL)

product ion.

75



3.2.1.3 Plasmalogen-Aminophospholipids

Fhaner et al. have previously reported the HCD-MS/MS fragmentation behavior
of plasmalogen-PE lipids following sequential DMBNHS derivatization of the amine
head group and iodine/methanol derivatization of the plasmalogen O-alkenyl-ether
double bond [137]. From this prior study, the neutral loss of dimethylsulfide was
observed as the primary fragmentation pathway, similar to that described above for the
DMBNHS derivatized diacyl- and alkyl ether- PE lipids. In contrast to these lipid sub-
classes however, this product then underwent further dissociation to yield a dominant
product corresponding to neutral loss of a characteristic RCICH(OCH?s) alkene (i.e., the
derivatized plasmalogen O-alkenyl chain), that directly enables assignment of the
molecular lipid identity. Albeit lower in abundance relative to the above mentioned
fragmentation channel, the initial neutral loss product ion also underwent further
dissociation (following the loss of methanol) to yield the PE headgroup specific ion at
m/z 210 and its complementary neutral loss product, identical to those described above
for the DMBNHS derivatized diacyl- and alkyl ether- PE species.

Systematic examination of the fragmentation behavior of DMBNHS and
iodine/methanol derivatized plasmalogen PS lipids could not be performed here as
plasmalogen PS lipid standards are not commercially available, and are not observed
as abundant ‘pure’ species in crude cellular lipid extracts from SW620 cells. However,
similar fragmentation behavior is expected to that described above for plasmalogen-PE
lipids, given that the differences in head group structures do not play a significant role in

the observed fragmentation reactions.
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3.2.2 Characterization and Quantification of Isobaric Stable Isotope Containing

DMBNHS Derivatized Aminophospholipid Standards

Lu et al. have previously reported the application of ds-‘heavy’ and de-‘light’
DMBNHS reagents as an isobaric stable isotope-labeled derivatization strategy for the
enhanced electrospray ionization and simultaneous (multiplexed) quantitative analysis
of primary amine-containing phosphopeptides [82]. Here, using sequential amine
specific de-heavy/light DMBNHS and plasmalogen O-alkenyl-ether specific
iodine/methanol derivatization, and the unique gas phase fragmentation behaviors
discussed above, a ‘targeted’ high resolution/accurate mass ESI-MS and -MS/MS
method for simultaneous (multiplexed) aminophospholipid quantification at the sum
composition or molecular lipid levels [66], and further molecular lipid structural
characterization, was developed. This method was first evaluated by derivatization of a
diacyl-PEqa4:014:0) lipid standard with either de-heavy or ds-light DMBNHS reagents, then
mixing them together at a 1:1 ratio. Following ESI-MS, isolation of the isobaric mass
precursor ions and linear ion trap CID-MS/MS, the exclusive formation of a pair of
product ions differing by 6 Da were observed, corresponding to the neutral losses of
S(CDs3)2 and S(CHs)2 (m/z 704.4823 and 710.5194) from the ‘heavy’ and ‘light’ labeled
lipids (Figure 3.6A). After correction for the isotope purity of the ds-heavy/light DMBNHS
reagents (99% and 83%, respectively), the intensities of these ‘reporter’ ions can be
directly used for sum composition level relative quantification of the concentrations of
the lipids between the two samples. A linear dynamic range of quantitation was
observed across more than 3 orders of magnitude (R? = 0.99) for this measurement, by

monitoring the intensity ratio’s of the CID-MS/MS S(CD3)2. and S(CHs)2 neutral loss
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reporter ions from ds-heavy derivatized PE(a4.014:00 at concentrations ranging from
0.0025 uM to 5 uM, against 0.5 pM de-light derivatized PEqa4:014:0) (data not shown).
Further structural characterization at the molecular lipid level was then performed by
HCD-MSS3 of the heavy and light labeled neutral loss product ions (shown in the inset to
Figure 3.6A for the m/z 704.4823 [M-S(CD3)2]* product ion). Similar to the HCD-MS?
data in Figure 3.3A and proposed fragmentation mechanisms in Figure 3.2 and 3.4,
MS? dissociation of this ion resulted in the secondary formation of m/z 210.0508 and the
neutral loss of 209 Da (m/z 495.4365), that underwent further dissociation to yield
characteristic product ions at m/z 211.2038 and 285.2399, indicative of the presence of
the 14:0 acyl chains in this lipid. Albeit not required here as only a single molecular lipid
species was present, the abundances of these characteristic molecular structure
specific products ions formed by MS? of the heavy and light labeled neutral loss product
ions may be used to provide quantitative information regarding the relative abundances
of any individual molecular lipid species that may be present within a mixture of isobaric
mass molecular lipid species. Similar CID-MS/MS and HCD-MS?® fragmentation
behavior was also observed for a 1.1 mixture of diacyl-PSua4:.014:0) lipid standards
derivatized with de-heavy and de-light DMBNHS reagents (data not shown).

Figure 3.6B shows the HCD-MS/MS spectrum acquired from a 1:1 mixture of a
de-heavy and de-light DMBNHS and iodine/methanol derivatized plasmalogen lipid,
PEp-18:022:6). Abundant pairs of product ions differing by 6 Da were observed in this
spectrum, including the DMBNHS derivatization specific ‘heavy’ and ‘light’ neutral
losses of S(CD3)2 and S(CHs)2 at m/z 1002.5018 and 1008.5388, along with the

subsequent losses of CH3OH from these ions at m/z 970.4760 and 976.5130, and the
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DMBNHS derivatized PE head group specific pair of low m/z ‘reporter’ ions at 210.0515
and 216.0891. However, via the fragmentation pathways previously reported [137],
formation of a pair of isotopically encoded product ions at m/z 594.3157 and m/z
600.3530, via neutral loss of the derivatized plasmalogen O-alkenyl chain, directly
enabled simultaneous quantification and structural characterization at the molecular

lipid level.
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Figure 3.6 CID-MS/MS, HCD-MS?® and HCD-MS/MS of a 1:1 mixture of ds-heavyl/light
DMBNHS and iodine/methanol derivatized PE lipids. (A) CID-MS/MS of
pooled ds-heavy/light DMBNHS derivatized PE4:.0114:0). The inset shows the
HCD-MS? spectrum of the S(CDz)2 neutral loss product ion from the de-
heavy DMBNHS derivatized lipid as well as the structures and initial
fragmentation sites for the ds-heavy/light DMBNHS derivatized lipid species
(B) HCD-MS/MS of pooled des-heavy/light DMBNHS and iodine/methanol

derivatized PEp-18:022:6).
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3.2.3 Multiplexed Quantification of Selected Aminophospholipid lon Abundance
Changes Between a Metastatic Colorectal Cancer Cell Line, SW620 and its
AlkyGlycerone Phosphate Synthase (AGPS) siRNA Knockdown
To demonstrate the ‘proof of principle’ utility of the de-heavy/light DMBNHS and

iodine/methanol derivatization strategy coupled with high resolution/accurate mass ESI-
MS and ‘targeted HCD-MS/MS for multiplexed quantification/characterization of
aminophospholipids within complex lipid mixtures, a 1:1 mixture of crude lipid extracts
(normalized to protein concentration) from a metastatic colorectal cancer cell line,
SW620 and its alkyglycerone phosphate synthase (AGPS) silencing RNA (siRNA)
knockdown, was analyzed. AGPS is the rate limiting enzyme involved in the
biosynthesis of cellular ether lipids. Fhaner et al. have previously found that the levels of
several ether-containing lipid sub classes (both alkyl-ether and plasmalogens) are
significantly enriched in the SW620 cell line compared to its isogenic primary colorectal
cancer cell line, SW480 [24]. Thus, siRNA knockdown of these lipids by AGPS is
expected to be useful for subsequent functional studies to elucidate the role of ether-
lipid metabolism in malignancy and metastatic progression.

Figure 3.7 shows the full scan ESI mass spectrum obtained from the 1:1 crude
lipid extract mixture of de-heavy/light DMBNHS and iodine/methanol derivatized SW620
cells and its AGPS knockdown, with insets showing selected expanded m/z regions of
the mass spectrum. After database searching of the high resolution/accurate mass
values, 125 total PE and PS lipid ions were assigned at the sum composition level.
Then, a non-redundant inclusion list of 101 m/z values (multiple PE and PS lipids were

observed with the same nominal mass but different exact mass values), was submitted
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for HCD-MS/MS. As described above, sum composition level relative quantification was
then achieved by manual comparison of the peak intensities of paired neutral loss
reporter ions from the HCD-MS/MS spectra, (i.e., the [M - S(CDs3)2]* and [M - S(CHz)2]*
product ions from the ds-heavy/light DMBNHS derivatized lipid ions, after correction for
deuterium isotope purities. For the derivatized plasmalogen-aminophospholipids, further
detailed structural characterization and quantification at the molecular lipid level was
performed by analysis of the paired stable isotope containing O-alkenyl chain specific

cleavage product ions observed within the HCD-MS/MS spectra.
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Figure 3.7 Ultra-high resolution/accurate mass ESI-MS of a 1:1 mixture (normalized to

protein  concentration) of isobaric de-heavy/light DMBNHS and
iodine/methanol derivatized crude lipid extracts from a metastatic colorectal
cancer cell line, SW620 and its alkyglycerone phosphate synthase (AGPS)
siRNA knockdown. The insets show expanded m/z regions containing the
lipids PE3s:1) and PE(o-36:1), PS(0-28:2), and PE(p-35:1). The ion labeled with a #

corresponds to a diisooctyl phthalate contaminant ion.
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An example of the advantages of this approach for the sum composition level
guantification of co-isolated and fragmented nominal mass lipids is shown in Figure 3.8,
for HCD-MS/MS of the ds-heavy/light DMBNHS derivatized diacyl-PE@s:1) and alkyl
ether-PE(o-36:1) (A m/z = 0.0362 Da) lipids observed at m/z 868.6 in the inset on the top
right of Figure 3.7. In this spectrum, the isotopically encoded product ions at m/z
210.0529 and 216.0907 (analogous to the low mass ‘reporter ions’ observed using
TMTs or iTRAQ labeling strategies for multiplexed peptide quantification) are common
to both the diacyl- and alkyl ether-linked PE species, so cannot be used for the
guantitation of the individual lipid species. However, measurement of the abundances of
the S(CD3s)2 and S(CHs)2 neutral loss product ions (m/z 800.5821 and 806.6191 for the
PEss:1) lipid and m/z 800.6166 and 806.6528 for the PE(0-36:1) lipid in the inset to Figure
3.8) readily overcome this limitation. After correction for the isotope purity of the de-
heavy/light DMBNHS reagents, along with secondary correction of interference from
any M+1 or M+2 ion overlap (e.g., where lipid ions having consecutive degree of
unsaturation are present at lower m/z values), the intensity ratio between the APGS
knockdown and control SW620 cells was found to be 0.56 for the PEss:1) lipid and 0.28

for the PE(o-36:1) lipid.
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Figure 3.8 HCD-MS/MS of the isobaric de-heavy/light DMBNHS derivatized PE3s:1) and
PE(o-36:1) lipids from Figure 3.7. The inset shows expanded m/z regions of
the spectrum containing the characteristic S(CHz)2/S(CDs)2 neutral loss

product ions.
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An example of HCD-MS/MS quantitation of de-heavy/light DMBNHS derivatized
alkyl ether-PS lipid (i.e., PSo-28:2) at m/z 798.5234 in the inset on the left of Figure 3.7)
is shown in Figure 3.9. Despite being present at very low abundance, the intensity ratio
of the S(CDs)2 (control) and S(CHs)2 (knockdown) neutral loss reporter ions was
determined with good signal-to-noise as 0.70, after correction for isotopic purity and
interferences. In this example, the low mass de-heavy/light DMBNHS derivatized PS
specific reporter ions at m/z 254 and 260 were not observed due to the low abundance
of the precursor ions. The identity of the other product ions in Figure 3.9 are mostly
unknown, but presumably originate from the very abundant co-isolated species present
at the same nominal m/z value as the PS(o-2s:2) lipid (e.g., m/z 391.2847 corresponds to
a monomeric protonated adduct of diisooctyl phthalate formed from the diisooctyl
phthalate dimer ammonium adduct precursor ion at m/z 798.5886 in the inset of Figure
3.7). However, these ions clearly do not negatively affect the quantitation based on

neutral loss of S(CDz)2 and S(CHzs)a.
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Figure 3.9 HCD-MS/MS of the isobaric de-heavy/light DMBNHS derivatized PS(o-2s:2)
lipid from Figure 3.7. The inset shows an expanded m/z region of the
spectrum containing the characteristic S(CHs)2/S(CD3)2 neutral loss product

ions.
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Finally, an example of secondary multiplexed quantification and molecular lipid
structural characterization of a mixture of isomeric plasmalogen-PE lipids was
demonstrated by HCD-MS/MS of the m/z 1010.5662 ion (i.e., de-heavy/light DMBNHS
and iodine/methanol derivatized PE-35:1)) shown in the inset on the bottom right of
Figure 3.7 (see Figure 3.10). Ratiometric measurement of the -(S(CD3)2+CH30OH) and -
(S(CH3)2+CHs0H) neutral loss reporter ions at m/z 910.4837 and 916.5211, as well as
the low mass reporter ions at m/z 210.0530 and 216.0907, yielded SW620 APGS
knockdown/control ratios at the sum composition level for this lipid of 0.49 and 0.53,
respectively. However, these ratios do not allow differences in abundance to be
separately determined between the knockdown and control SW620 cell samples, for
isomeric lipids that may be present (i.e., different combinations of acyl/O-alkenyl chain
lengths) within the sum composition of PEp-35:1) lipid. However, as described above in
Figure 3.6B, HCD-MS/MS of de-heavy/light DMBNHS and iodine/methanol derivatized
plasmalogen lipids yields pairs of isotopically encoded product ions via neutral loss of
the derivatized plasmalogen O-alkenyl chains, directly enabling simultaneous
guantification and structural characterization at the molecular lipid level. In the inset to
Figure 3.10, four pairs of these characteristic product ions were observed,
corresponding to the presence of PEp-19.0 16:1), PEp-18:0 17:1), PEP-17:0_18:1) and PE-
16:0_19:1) lipids. Three of these odd-numbered carbon chain length containing molecular
plasmalogen-PE lipid species have been identified previously from an underivatized
lipid extract of SW620 cells, by HCD-MS/MS in negative ion mode [14]. After corrections,
the intensity ratios between the siRNA knockdown and control samples for these

molecular lipid species was determined to be 0.34, 0.34, 0.51 and 0.39. These different
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ratios suggested that silencing of the RNA responsible for expression of AGPS may
affect plasmalogen-PE lipids to a different extent depending on the identities of their

acyl/alkenyl chains.
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Figure 3.10 HCD-MS/MS of the isobaric de-heavy/light DMBNHS and iodine/methanol
derivatized PEp-35:1) lipid from Figure 3.7. The inset shows an expanded
m/z region of the spectrum containing the characteristic O-alkenyl-chain

neutral loss product ions.
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3.3 Conclusions

The gas phase fragmentation behavior of DMBNHS derivatized diacyl- and alkyl
ether-PE and -PS aminophospholipids, as well as sequential isotope-labeled DMBNHS
and iodine/methanol derivatized plasmalogen-PE aminophospholipids, have been
studied using linear ion trap CID-MS/MS and -MS3, HCD-MS/MS and CID-MS/MS with
HCD-MS3. Importantly, the multiplexed quantification of derivatized PE and PS lipids
within complex biological mixtures using de-heavy and de-light DMBNHS isobaric mass
stable isotope labeling, and high resolution/accurate mass ESI-MS and targeted HCD-
MS/MS, eliminates the possibility of interference from co-isolated and fragmented
precursor ions with the same nominal mass values, that is inherent to quantification
methods based on detection using low m/z reporter ions. With the additional benefits of
obtaining molecular lipid level quantification and structural characterization of
plasmalogen aminophospholipids from the MS/MS spectra, or by MS?2 of the initial
neutral loss product ions for diacyl- and alkyl ether-linked PE and PS lipids, this method
is expected to be an effective lipidomics workflow for the comprehensive quantitative

analysis of aminophospholipids within crude biological lipid extracts.
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CHAPTER FOUR
Experimental Methods for Chapters Two and Three

4.1 Materials

Methanol (CH3OH), chloroform (CHCIs) and ACS grade isopropyl alcohol (IPA)
were purchased from Macron Chemicals (Center Valley, PA). 99% formic acid (FA) was
from Spectrum Scientific (Irvine, CA). 3,5-diiodoaniline (dilA), 2,4-dilA and 3,4-dilA were
purchased from Spectra Group Limited, Inc. (Milloury, OH). 3-iodoaniline (IA) was
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX). Aniline and Pd(OH)2 on
carbon (20 wt. %) were from Sigma-Aldrich (St. Louis, MO). Synthetic lipid standards
were from Avanti Polar Lipids, Inc. (Alabaster, AL). lodine, N,N-dimethylformamide
(DMF) and triethylamine (TEA) were from Jade Scientific (Westland, MI). Acetonitrile
(CH3CN) was purchased from EMD Chemicals (San Diego, CA). Ammonium formate
was obtained from Alfa Aesar (Ward Hill, MA). Ammonium bicarbonate was from J.T.
Baker (Phillipsburg, NJ). SW620 colorectal cancer cells were purchased from the
American Type Culture Collection (ATCC) (Manassas, VA). SiGENOME SMARTpool
SsiRNA was obtained from Thermo Fisher Scientific (Waltham, MA).
4.2 siRNA Knockdown of Alkyglycerone Phosphate Synthase (AGPS) in SW620

Colorectal Cancer Cells and Lipid Extraction

Alkylglycerone phosphate synthase (AGPS) knockdown of SW620 colorectal
cancer cells and followed lipid extraction were performed by Cassie J. Fhaner in Reid
Lab at Michigan State University (East Lansing, MI). Electroporation with an Amaxa
Nucleofector Il Device (Lonza, Basel, Switzerland) and sSiGENOME SMARTpool siRNA

were employed for the knockdown experiments. Control siGENOME SMART-pool
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SsiRNA was used for control experiments. Transfected cells were seeded in 6-well plates

(5 X 10°cells / well) and cultured with RPMI 1640 growth medium with 10% FBS and 1%

penicillin/streptomycin, for four days. Cells were harvested by scraping and then
immediately extracted using a monophasic lipid extraction protocol as previously
described [238].
4.3 Derivatization of Lipid Standards and Crude Lipid Extracts
4.3.1 Synthesis of Saturated TG Lipids from Unsaturated TG Lipid Standards
Pd(OH)2 on carbon (1 mg) was added to 500 pyL of a 1 mM solution of mono-
unsaturated TGaa4.o16:v14:0) in 4 : 2 : 1 (viviv) IPA/CH3OH/CHCI3 and the mixture was
stirred for 24 hours under Hz at room temperature. After filtration, a solution of saturated
TGa4:.016:014:00 Was obtained. The purity of the resultant saturated TGa4:0116:0114:0) Was
determined as 99% by MS analysis of its ammonium adduct ion.
4.3.2 Photo-Induced Solution Phase Cross-linking of TG Lipid Standards
Sample solution containing 5 mM TG lipids, 5 mM 3,5-diiodoaniline and 10%
formic acid in 4 : 2 : 1 (v/viv) IPA/CH3OH/CHCIs were prepared and then irradiated in a
short NMR tube (inner diameter = 4 mm) using a flash-lamp pumped Nd:YAG laser
(Continuum, Santa Clara, CA) with a beam diameter of 3 mm, UV photons of 266 nm, a
frequency of 15 Hz and a pulse energy of 7 mJ. After reacting for 9 min, 5 pL of sample
solution was diluted 200 fold in 4 : 2 : 1 (viviv) IPA/ICH3OH/CHCIs for mass

spectrometric analysis as described in Chapter 4, section 4.4.3 without photo-activation.
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4.3.3 Derivatization of Aminophospholipids Using de-Heavy/light DMBNHS and

lodine/Methanol Methods

S,S’-Dimethylthiobutanoylhydroxysuccinimide ester iodide (DMBNHS) and
isobaric mass stable isotope containing ds-‘heavy’ and ds-‘lightt DMBNHS reagents
were synthesized as previously described [82]. The deuterium isotope purities of the ds-
heavy/light DMBNHS reagents were determined to be 99% and 83%, respectively. For
characterization of gas phase CID- or HCD-MS/MS and -MS" fragmentation behaviors,
the standard aminophospholipids PEqa4.014:0, PE@s.ons0), PE@s.ons1), PE@s:11si),
PE@8:1/20:4), PE(22:6/22:6), PS(14:0i14:00 and PS(s:oi18:1 were derivatized with DMBNHS as
previously described [24, 127, 137, 138]. DMBNHS derivatized monoalkyl-ether PEo-
16:0118:1) lipid was obtained from a crude lipid extract of the control SW620 colorectal
cancer cells. For characterization of CID-MS/MS, HCD-MS® and HCD-MS/MS
guantitation performance, mixtures of standard lipids PEqa4:014:0), PS(4:0114:00 and PEp-
18:0/22:6) Were derivatized separately with ds-heavy and ds-light DMBNHS, followed by
further derivatization of the plasmalogen lipid with iodine/methanol as previously
described [137], then combined at a 1:1 ratio. For determination of the linear dynamic
range of lipid quantification, DMBNHS derivatized PE14:0114:0) (0.0005 pM to 5uM) was
mixed with 0.5 pM de-light DMBNHS derivatized PE4:0114:0. Aminophospholipids within
the crude lipid extracts from control and AGPS siRNA knockdown experiments were
derivatized separately with ds-heavy and ds-light DMBNHS reagents, respectively,
followed by derivatization of plasmalogen lipids with iodine/methanol, as previously

described. Samples were then combined in a 1:1 ratio based on their normalized protein
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concentrations. All samples were resuspended in 4 : 2 : 1 (viviv) IPA/CH30OH/CHCI3
containing 20 mM ammonium formate immediately prior to mass spectrometry analysis.
4.4 Mass Spectrometry
4.4.1 Photo-Induced Gas Phase Cross-linking MS/MS and CID-MS" Structural

Analysis of TG Dimer Complex lons

Solutions of 100 uyM of each TG lipid, 100 yM diiodoaniline in 4:2:1 (v:v:v)
IPA/CH3OH/CHCIs containing 0.1% formic acid were prepared then loaded into
individual wells of a Whatman multichem 96-well plate (Sigma Aldrich, St. Louis, MO)
and sealed with Teflon Ultra Thin Sealing Tape (Analytical Sales and Services,
Prompton Plains, NJ). The samples were then introduced into an Thermo Scientific LTQ
linear ion trap mass spectrometer (San Jose, CA) using an Advion Triversa Nanomate
nano-electrospray ionization (nESI) source (Advion Ithaca, NY) with a spray voltage of
1.4 kV and a gas pressure of 0.3 psi. For MS/MS experiments, an isolation window of
30 m/z was used to provide sufficient signal for isolation of the non-covalent protonated
diiodoaniline-TG dimer complex ions. For UVPD-MS/MS, the mass spectrometer was
modified to enable usage of a flash-lamp pumped Nd:YAG laser (Continuum, Santa
Clara, CA) with a beam diameter of 3 mm, UV photons of 266 nm, a frequency of 15 Hz
and a pulse energy of 7 mJ. Laser pulses were introduced into the ion trap through a
guartz window installed on the back plate of the mass spectrometer. Synchronization
between the laser pulses and the beginning of the activation step of a typical MS"
experiment was achieved by feeding an amplified transistor-transistor logic (TTL) trigger
signal from the mass spectrometer (+ 3.2 V) to the laser (+ 5.0 V) via a pulse/function

generator (Hewlett-Packard, Palo Alto, CA). The laser was triggered from the Diagnostic
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menu within the Tune Plus window of the Xcalibur software (Thermo Fisher Scientific,
San Jose, CA). CID-MS3, -MS* and -MS® were performed to analyze the products from
the UVPD-MS/MS experiments. Automated Gain Control (AGC) target numbers were
optimized to maximize the signal to noise ratio of the spectra without lowering the
resolution. Both electron multiplier voltages were set at -1350 V. Spectra shown are the
average of at least 100 scans.
4.4.2 ESI-MS, -MS/MS and -MS® Analysis of Derivatized Aminophospholipid

Standards

Derivatized standard lipid samples were introduced for mass spectrometry
analysis via the Advion Triversa Nanomate nESI source operating under the same
conditions as described in Chapter 4, section 4.4.1. Samples were analyzed in positive
ionization mode using a Thermo Scientific LTQ Orbitrap Velos mass spectrometer
equipped with a linear ion trap and a HCD multipole collision cell (San Jose, CA). The
inlet temperature, S-lens values and mass resolving power were set at 100 °C, 50 %
and 100,000, respectively. Linear ion trap CID-MS/MS spectra were acquired using an
isolation window of m/z 3, a g-value of 0.17 and an activation time of 10 ms, while HCD-
MS? spectra were collected with activation times of 0.1 ms and a low mass cut off of m/z
150. The HCD normalized collision energy (NCE) was optimized for each product ion of

interest.
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4.4.3 ESI-MS and -MS/MS Analysis of Derivatized Crude Lipid Extracts from
Combined Control and AGPS siRNA Knockdown of the SW620 Colorectal
Cancer Cells
Derivatized crude lipid extracts from the combined control and AGPS siRNA

knockdown SW620 colorectal cancer cells were introduced into a Thermo Scientific Q

Exactive High Field Orbitrap mass spectrometer equipped with a HCD cell, using the

Advion Triversa Nanomate nESI source operating under the same conditions as

described in Chapter 4, section 4.4.1. The inlet temperature, S-lens value and mass

resolving power were set at 200 °C, 55 % and 240,000 (for MS scans) and 120,000 (for

HCD-MS/MS scans), respectively. For MS scans, a maximum injection time of 50 ms

and an AGC target of 1x108 was used. For HCD-MS/MS scans, an isolation window of

m/z 1, a maximum injection time of 1000 ms, an AGC target of 1x10° and a HCD NCE

of 15% were employed. Throughout this dissertation, the shorthand notation used for

lipid classification and structural representation is that proposed by Liebisch et al. as an
extension of the accepted International Lipid Classification and Nomenclature

Committee nomenclature [242]. Initial assignment of derivatized PE and PS lipid ions, at

the sum composition level (i.e., identity of the head group and fatty acyl/alkyl/alkenyl

linkages, and the total carbon-carbon double bonds), was achieved from the ESI-MS
accurate mass data by searching against a user-defined database of lipid species using
the LIpid Mass Spectrum Analysis (LIMSA v.1.0) software [243], with automated peak
finding and correction of *3C isotope effects, as previously described [138]. Then, a non-
redundant inclusion list of 101 m/z values (from 125 total PE and PS lipids) was

submitted for HCD-MS/MS. 6 scans were acquired for each m/z value in the inclusion
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list, with a total acquisition time of 8.5 minutes. Quantification at sum composition levels
was achieved from the HCD-MS/MS spectra by manual comparison of the peak
intensities of paired neutral loss reporter ions, (i.e., [M - S(CD3)2]* and [M - S(CH3)2]")
from the ds-heavy/light DMBNHS derivatized lipid ions, after correction for deuterium
isotope purities. For the derivatized plasmalogen-aminophospholipids, further detailed
structural characterization and secondary quantification at the molecular lipid level was
performed by analysis of the paired stable isotope containing characteristic product ions

observed within the HCD-MS/MS spectra.
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CHAPTER FIVE
Quantitative Immuno LC-MS/MS of Parathyroid Hormone and Its In Vivo
Heterogeneous Post-Translational Protein Modifications: Oxidation and
Truncation
5.1 Introduction

Parathyroid hormone is a protein produced in parathyroid glands and consists of
84 amino acids (PTH 1-84) in its full length active form [244]. The full length PTH 1-84
plays a critical role in the regulation of circulating calcium in plasma whose changing
concentration is closely related to many physiological and pathological processes,
including cell signaling, bone metabolism and reduction of the glomerular filtration
rate [245, 246]. In response to decreased concentration of circulating calcium, more
PTH is secreted into the circulatory system to stimulate the calcium reabsorption in
kidney and calcium resorption from bones into blood [247]. Excessive secretion of PTH
can result from abnormalities in the regulation system, which was defined as
hyperparathyroidism [246].

Studies have reported that PTH 1-84 can be post-translationally modified to
various truncated PTH variants through metabolic processes. A summary of previously
reported fragments of PTH is presented in Figure 5.1A [248-250]. In fact, the major
forms of the circulating PTH in human plasma are the amino (N)-terminally truncated
fragments of full length PTH 1-84 (e.g., PTH 7-84) [248]. However, these fragments
have no biologically active N-terminal residues to interact with type 1 PTH/PTH related
protein (PTHrP) receptor and therefore do not regulate calcium levels in the same way

as intact PTH 1-84 [251, 252]. Recent data have suggested that N-terminally truncated
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PTH may have biological functions opposite to that of PTH 1-84 through interaction with
a not yet cloned receptor [248, 253]. Other truncated forms including mid-molecular
fragments having neither the N- or carboxyl (C)-terminal of PTH 1-84 have also been
reported [249].

Two methionine (M) residues at positions 8 and 18 of PTH 1-84 are possible
sites of oxidation when subjected to oxidative stress [254]. It has been reported that
methionine oxidation of PTH 1-84 results in greatly reduced potency in stimulating the
production of cyclic adenosine monophosphate (CAMP) through interaction with type 1
PTH/PTHrP receptor [255, 256]. Interestingly, a recent study in patients with late-stage
renal disease and on dialysis reported that only 7%-34% of PTH in patient plasmas was
free of oxidation [257]. In patients with renal impairment and parathyroid cancer,
phosphorylation of serine (S) at residue 17 of PTH 1-84 was also identified and
quantified with a large concentration range of 32-767 pg/mL [247].

Accurate guantification of the biologically active forms of PTH is a prerequisite to
the successful diagnosis and appropriate treatment of hyperparathyroidism. Several
generations of immunoassays have been developed for the measurement of PTH 1-84
in serum or plasma samples [258]. Current generation PTH assays use a ‘sandwich
type’ antibody pair targeting at the C- and N-terminal of PTH 1-84 for capture and
detection, respectively [259, 260]. However, due to the micro-heterogeneity within the
PTH proteins (e.g., the structural similarity between PTH 1-84, 7-84 and their oxidized
variants) and the cross reactivity of immunoassays, accurate measurement of PTH 1-84

is still problematic [257, 261, 262].
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An alternate PTH assay or analysis strategy combining immuno-affinity
enrichment with liquid chromatography-tandem mass spectrometry (LC-MS/MS) has
been recently introduced as a possible reference level method to accurately quantify the
full length PTH 1-84 and its post-translationally modified forms [247]. Generally, PTH
proteins are first enriched using antibody, then digested and finally analyzed by LC-
MS/MS. The method developed by Kumar et al. employed a '°N-labeled PTH 1-84 as
internal standard before digestion to correct errors from sample loss and targeted the
PTH 1-13 peptide as a surrogate for full length PTH 1-84 while Lopez et al. spiked
isotope-labeled PTH 1-13, 7-13 as well as 34-44 internal standards in processed patient
samples before LC-MS/MS analysis, for quantitative analysis of both full length PTH 1-
84 and truncated PTH 7-84 and 34-84 [249, 263]. A method for more comprehensive
guantitative analysis of circulating PTH including full length, truncated and oxidized
forms was previously developed in the Reid lab at Michigan State University [264]. The
oxidation profile of PTH 1-84 and 7-84 during H202 oxidation was studied first to
investigate the major oxidized variants of PTH that should be targeted for quantitative
analysis. HPLC purification and ‘top-down’ mass spectrometric analysis of the oxidized
products of PTH showed that PTH 1-84 and 7-84 with methionine sulfoxide at residue 8
and/or 18 were the major products. Therefore, a dual-internal standard approach
employing °N-labeled PTH 1-84 and 7-84 as well as 13Ces'°N1-labeled lysine-containing
PTH 1-13, 7-13 and 14-20 with methionine sulfoxide at residue 8 or 18 was applied to
guantify PTH 1-84, 7-84 and their oxidized variants. The linear dynamic range was 5-
2000 pg/mL and no significant biases in relative recovery yield among different oxidized

variants of PTH 1-84 or 7-84 was observed. The recovery yield of the developed
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immuno LC-MS/MS method was 66%. Interestingly, after analysis of three sets of
patient samples processed separately, the methionine oxidation percentage of PTH was
significantly higher (up to 80%) in most of the patient samples stored at -80 °C for more
than a week compared to a different set of samples stored at the same condition for at
most two days as shown in Figure 5.2. The dramatic difference related to sample
handling suggested the high possibility of ex vivo oxidation. However, no further
experiments were performed to quantitatively evaluate and correct the possible storage
condition-related ex vivo oxidation in that study. Considering the not fully understood
biological activities and possible clinical significance of post-translationally modified
PTH, a method capable of identifying and accurately quantifying full length, truncated
and oxidized PTH as well as differentiating in vivo and ex vivo oxidation should be the
aim of assay development. In fact, clinical studies have suggested that ratio of PTH 1-
84 over PTH 7-84 may be used to differentiate hyperparathyroid bone turnover and
adynamic bone disease [260, 265, 266]. In this chapter, based on the preliminary
method developed in the Reid lab at Michigan State University, an quantitative immuno
LC-MS/MS method with optimized sample preparation procedures, high
resolution/accurate mass HCD-MS/MS and near full sequence coverage was developed
and applied to accurately quantify intact PTH 1-84, truncated PTH 7-84 and their

oxidized variants after correction of possible ex vivo oxidation and truncation.
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Figure 5.1 Summary of (A) previously identified full length PTH 1-84, N-terminally
truncated PTH X-84 (X=7, 28, 34, 37, 38, 45 and 48) and mid-molecular
fragment PTH X-77 (X= 34, 37 and 38) [248-250]; (B) full length, oxidized
and truncated PTH protein-unique tryptic peptides monitored quantitatively
during LC-MS/MS in this study; (C) truncated PTH protein-unique tryptic
peptides monitored qualitatively during LC-MS/MS in this study. The dashed

lines represent the variable lengths of truncated forms of PTH.
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Figure 5.2 Oxidation percentages of PTH in different sets of patient samples [264]. The

percentage of oxidation was calculated by taking the sum concentration of
PTH 1-13 M(O), PTH 7-13 M(O) and PTH 14-20 M(O) divided by the sum
concentration of all full length, truncated and oxidized tryptic peptides
guantified. There were 41 blood samples in set A collected from site 1 and
stored at least a week before sample analysis, and 29 samples in set B and
4 samples in set C collected from site 2 and stored at most 2 days before

sample analysis.
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5.2 Results and Discussion
5.2.1 Quantitative Immuno LC-MS/MS Workflow with Optimized Sample

Preparation, High Resolution/Accurate Mass HCD-MS/MS and Near Full

Sequence Coverage

A brief summary of the designed workflow for quantitative immuno LC-MS/MS
analysis of PTH 1-84, 7-84 and their oxidized variants is presented in Figure 5.3. 1°N-
labeled PTH 1-84 and 7-84 protein internal standards were spiked in patient plasma
immediately after blood draw and centrifugation for quantitative analysis of PTH 1-84
and 7-84 as well as correction of possible ex vivo oxidation and truncation and sample
loss. Also, all patient plasma samples were stored at -80 °C at most 2 days before
analysis to further minimize the possibility of ex vivo modification. Then, a C-terminal
antibody (against PTH 39-84) conjugated on paramagnetic particles (pmp) was selected
to unbiasedly enrich all targeted analytes. After immuno-affinity enrichment and elution,
tryptic digestion was performed to convert PTH proteins into peptides toward which LC-
MS/MS analysis has higher sensitivity [247]. In Figure 5.1B, tryptic peptides providing
near full sequence coverage of PTH 1-84, 7-84 and their oxidized variants as candidate
monitored peptides quantitatively representing various forms of PTH proteins in this
study are listed. Tryptic peptides representing other truncated PTH proteins with
previously reported truncation sites at residue 34, 37, 38 and 77 as well as new
truncation sites discovered in this study at residue 66 and 74 were also monitored
gualitatively and listed in Figure 5.1C [249, 250]. Sequences of PTH tryptic peptides
which are not unique to PTH 1-84 or 7-84 in human proteome were excluded. For

quantification of oxidized PTH peptides, 13Cs**NiLeu-labeled PTH 1-13 M(O), 7-13 M(O)
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and 14-20 M(O) were added to samples following tryptic digestion. Finally, LC coupled
with high resolution/accurate mass MS and HCD-MS/MS experiments were performed
to identify and quantify the targeted PTH peptides. HCD-MS/MS transitions (Table 5.1)
for targeted peptides were selected for optimal sensitivity based on HCD-MS/MS
spectra of °N-labeled PTH peptides and *3Cs'°NiLeu-labeled oxidized PTH peptides
with optimized charge states of precursor ions and HCD normalized collision energy
(NCE) as shown in Figure 5.4. >N-labeled PTH 1-13 and 3C¢'°N:Leu-labeled PTH 1-13
M(O) gave only one dominant fragment ion (Figure 5.4A and B) while other isotope-
labeled PTH 7-13, 7-13 M(O), 14-20 and 14-20 M(O) provided at least two major
product ions (Figure 5.4C-F) for validation of the quantitative results based on

intensities of multiple fragment ions from the same peptide.
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Relative Abundance (%)
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Figure 5.4 HCD-MS/MS spectra of (A)®N-labeled PTH 1-13 (z = +3

); (B)13Ce'°N1Leu-labeled PTH 1-13 M(O) (z = +3); (C)'*N-labeled PTH 7-13

(z = +3); (D)*Cée'°N1Leu-labeled PTH 7-13 M(O) (z = +3); (E)**N-labeled

PTH 14-20 (z = +2); (F)**Cs!5NiLeu-labeled PTH 14-20 M(O) (z = +2) with

optimized charge states of precursor ions and HCD normalized collision

energy (NCE) for sensitivity.
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—_— Monitored Most Abundant MS/MS
P Precursor lon m/z Optimized
PTH Peptide PTH Peptide '”C\:\'“I';]'ggvbm HCD Fragment lon m/z
Precursor lon Sequence R ion Ti NCE (%)
(Retention Time) Native 5N 13C415N;Leu Native 5N 13C415N;,Leu
2+ 2+
PTH 1-13 (12.0-13.0min) yur yir
> SVSEIQLMHNLGK . 485.9260 | 491.9080 NA 16 NA
[M+3H® 12.5min 635.3346 | 643.3106
PTH 1-13M(O 10.4-11.4mi yu?* yu** yu®
3 M©O) | svseiLm©HNLGK| ¢ oo min) | 4912576 | 497.2396 | 4935968 16
[M+3H] 10.9 min 643.3320 651.3080 646.8404
PTH 7-13 . i ye2" ye2*
LMHNLGK (8.0-9.0min) 271.4868 | 275.1424 NA 15 NA
[M+3H]** 8.5 min 350.1840 | 355.1690
PTH 7-13M(O) (7.0-8.1min) ¥e! ¥ ye
et LM(O)HNLGK g 276.8184 280.4741 | 279.1575 20
[M+3HP® 7.5 min 358.1814 | 363.1664 | 358.1814
PTH 14-20 (7.0-8.1min) ys* ys*
" HLNSMER ; 4437139 | 450.1944 NA 27 NA
[M+2H]? 7.6 min 636.2770 | 645.2500
. 7 omi -CHsSOH?* | -CH3SOH?* | -CH3SOH?*
PTHN}“ZZHOM(O) HLNSM(O)ER (e.g 57 Omin) e 7114 | 4581010 | 4552001 | 24
[M+2H] -5 min 4197119 | 426.1924 | 423.2203
2+ 2+
PTH 27-44 |KLQDVHNFVALGAPL| (14.1-17.0min) b3 b3
" . 487.2797 | 493.7602 NA 11 NA
[M+4H]* APR 15.5min 697.3830 | 706.3560
24 2+
PTH 45-52 (4.0-11.5min) Ys Ye
DAGSQRPR > 296.1545 | 301.1395 NA 10 NA
[M+3H]** 5.5min 350.6961 | 357.1766
. +
PTH 53-65 (4.0-11.5min) Ys Ys
" KKEDNVLVESHEK . 380.4585 | 394.1942 NA 23 NA
[M+4H]* 10.2min 629.2889 | 637.2649
- - i ys" Y5
PTH 66-72 SLGEADK @-0-115min) | 50 1901 | 3641701 NA 17 NA
[M+2H] 9.2min 519.2409 | 525.2229
PTH 73-80 (11.5-12.8min) Yo" Yo'
+ ADVNVLTK ; 430.2478 | 435.2328 NA 20 NA
[M+2H]? 12.3min 673.4243 | 681.4003

Table 5.1 HCD-MS/MS precursor/fragment ion transitions, optimized HCD normalized
collision energy (NCE) and retention times for quantitatively monitored PTH

peptides.
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High resolution/accurate mass HCD-MS/MS was employed to avoid possible
interference from artefact ions given the complex background signals from patient
samples. An example illustrating the advantage of using high resolution/accurate mass
HCD-MS/MS to resolve monitored fragment ions of PTH peptides in a patient sample
from artefact ions is shown in Figure 5.5. At a mass resolving power of 17,500, an
artefact ion at m/z 643.3396 was found to overlap with the monitored HCD-MS/MS
fragment ion (y11%* at m/z 643.3303) of PTH 1-13 M(O) (inset to Figure 5.5) and subtlety
shifted the retention time of the extracted ion current chromatogram (XIC) peak of the
fragment ion (Figure 5.5A) compared that of °N-labeled PTH 1-13 M(O) (Figure 5.5B)
and 3Cs'°NiLeu-labeled PTH 1-13 M(O) (Figure 5.5C). Since no other HCD-MS/MS
transitions were available to be used to avoid the interference and also maintain a
comparable sensitivity as shown in Figure 5.4B, HCD-MS/MS at ultrahigh resolution of
140,000 was therefore required to completely resolve the monitored fragment ion of

PTH 1-13 M(O) from the artefact ions.
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Figure 5.5 Resolving monitored fragment ions from artefact ions with isobaric m/z in a

patient sample using high resolution/accurate mass HCD-MS/MS (A)
extracted ion current (XIC) chromatogram of y11°* (m/z 643.3320) from PTH
1-13 M(O) (m/z 491.2576); (B) XIC chromatogram of y112* (m/z 651.3080)
from > N-labeled PTH 1-13 M(O) (m/z 497.2396); (C) XIC chromatogram of
y11?* (m/z 646.8404) from *2Cs'®NiLeu-labeled PTH 1-13 M(O) (m/z
493.5968). Resolution for Figure 5.5A-C was at 17,500 (at m/Am = 200).
The inset shows expanded m/z region of the HCD-MS/MS of PTH 1-13 M(O)
averaged across the XIC peak in Figure 5.5A at resolution of 17,500 (dotted
line) and 140,000 (solid line)
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5.2.2 Quantitative Analysis of In Vivo Full Length, Oxidized and Truncated PTH

Tryptic Peptides in Patient Samples

The practical performance of the quantitative immuno LC-MS/MS method using
conditions described above was tested using a series of patient samples. An example of
LC-MS and LC-MS/MS raw data for the various forms of monitored PTH 1-13 in a
patient sample is shown in Figure 5.6A and Figure 5.6B-F, which include the unlabeled
and ®N-labeled PTH 1-13 (Figure 5.6B and C) as well as unlabeled, **N-labeled and
13C615N1Leu-labelled PTH 1-13 M(O) (Figure 5.6D to F). LC-MS/MS raw data for the
various forms of monitored PTH 7-13 and 14-20 are shown in Figure 5.6G-P. During the
concentration calculation, to correct the effects from incomplete stable isotope
incorporation in the stable isotope-labeled internal standards, the intensity of the
isotopic cluster of representative fragment ion instead of that of the monoisotopic peak
was used to represent the amount of the corresponding peptide. For each unoxidized

peptide, the concentration (Cnon_ox) Was calculated using the equation (1),

Inon_ C
Cnon_ox = 0ot s (1)

l15N non ox V

where Inon ox and lisn_non_ox are intensities of isotopic cluster of the representative
product ion of the unoxidized PTH peptide and unoxidized °N-labeled PTH peptide
internal standard. Cisn is concentration of '°N-labeled PTH 1-84 or 7-84 internal
standard spiked in plasma and V is the volume of original plasma solution. Possible ex
vivo truncation and sample loss were already corrected by using the fragment ion
intensities of 1°N-labeled peptides as digest of °N-labeled PTH 1-84 spiked in
immediately after blood draw and centrifugation for plasma. Concentrations of in vivo

oxidized PTH peptides (Cox) were determined using the equation (2),
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I I15N_ox
OX" [ on o . nON_0X
15N_non_ox

COX — Ci3cisN 1 (2)

lizcisN V. Yrecovery
where lox, l1sN_ox, l13c1sn are the intensities of isotopic cluster of the representative
product ion of the oxidized PTH peptide, oxidized °N-labeled PTH peptide internal
standard and 3Ce!°NiLeu-labeled oxidized PTH peptide internal standard. Ciscisn is
concentration of 3Ce'°N1Leu-labeled oxidized PTH peptide internal standard spiked in
sample before LC-MS/MS analysis and yrecovery iS the recovery yield (66%) of the
immuno LC-MS/MS method [264]. In equation (2), possible ex vivo oxidation can be

corrected by the oxidation percentage of °N-labelled PTH peptide internal standards.

113



100

AT I
0
. 12,5
1007 g 1446 | PTH 1-13
485.9260 —> 635.3346
0
100 7'~ 1.83€7 12.5 15N PTH 1-13
<~ 491.9080 —> 643.3106 HH
0
1007 p 2606 8 PTH 1-13 M(O)
- 7 491.2576 —> 643.3320 JL
0
100 | - 12186 109 15\ PTH 1-13 M(O)
& 497.2396 —> 651.3080
0
. 10.9
197 | .00 r’\ 13C415N,Leu PTH 1-13 M(O)
17 493.5968 —> 646.8404 I
0 -
100 1~ 9.73E3 8.5 .
< - G 2714868 — 3501840 A PTH 7-13
< 0
8 100 |1 4.08Es 85 15N PTH 7-13
3 275.1424 —> 355.1690
2 o0
B 1007 108E4 9 PTH 7-13 M(O)
Z’i) - 276.8184 —>358.1814 l
= 0
% 1007 5 155E5 75 15N PTH 7-13 M(O)
¢ ] 280.4741 — 363.1664
1007 | 435ES i 13C 15N, Leu PTH 1-13 M(O)
279.1575 _s 358.1814 A
0 _r
. 7.6
2L 1.41; I;11339 —> 636.2770 ) PTH 14-20
0
100 ) \q 1.92E6 7.6 15N PTH 14-20
1 450.1944 —> 645.2500 Jt
0
1007\ 7.96E3 >0 PTH 14-20 M(O)
- 4517114 —> 419.7119 J‘LL
0
100 O 385E5 6 15N PTH 14-20 M(O)
1~ 458.1919 —> 426.1924
0
100 - 6.5
| p Lo4Es | 13C415N,Leu PTH 14-20 M(O)
455.2201 —> 423.2203 !
0 T T T T T — ‘ﬁ T T T T T T

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 18 19 20

Retention Time (min)

Figure 5.6 Extracted ion current (XIC) chromatograms from a patient sample for (A)

16 1

base peak in MS data and for monitored HCD-MS/MS fragment ions of (B)
PTH 1-13, (C) N-labeled PTH 1-13, (D) PTH 1-13 M(O), (E) *N-labeled

PTH 1-13 M(O), (F) 13Cs!®NiLeu-labeled PTH 1-13 M(O), (G) PTH 7-13, (H)
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15N-labeled PTH 7-13, (I) PTH 7-13 M(O), (G) N-labeled PTH 7-13 M(O),
(K) 13C6!®N1Leu-labeled PTH 7-13 M(O), (L) PTH 14-20, (M) !*N-labeled
PTH 14-20, (N) PTH 14-20 M(O), (O) **N-labeled PTH 14-20 M(O) and (P)

13Ce'°N1Leu-labeled PTH 14-20 M(O) as listed in Table 5.1.
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By employing the quantitative immuno LC-MS/MS strategy described above, the
resultant concentrations of PTH peptides in five samples from patients with high
concentration of circulating PTH 1-84 (500 to 1500 pg/mL) previously measured by PTH
immunoassay were shown in Table 5.2. PTH 1-13 M(O) and 1-13 represent forms of
PTH 1-84 with and without oxidation within residue 1-13 while PTH 7-13 M(O) and 7-13
represent forms of PTH 7-84 with and without oxidation within residue 7-13. PTH 14-20
M(O) and 14-20 represent forms of residue 14-84 containing-PTH (i.e., PTH 1-84 and 7-
84) with and without oxidation within residue 14-20. °N-labeled PTH 7-84 internal
standard was not spiked in these five samples since the PTH 7-13 and 7-13 M(O) were
not detected in preliminary experiments. The result is consistent with previous studies
using other immuno LC-MS/MS methods [249, 267]. Surprisingly, it was found that no in
vivo oxidized PTH peptides existed in the patient samples after correction for the ex vivo
oxidation. High concentrations of PTH 1-13 were detected as expected. The generally
higher concentrations of PTH 14-20 compared to that of PTH 1-13 (except in patient 1)
indicated other possible truncation sites between residue 1 and 13 of PTH 1-84 except
residue 7. Truncations at residues 4 and 10 have been suggested by D’Amour et al.
[248]. However, no PTH X-13 peptides (X=2-12 except 7) were detected within these 5
patient samples, partially due to the decreasing ionization efficiency of shortening
peptides if any truncation exists between residue 7 and 13. The concentrations of PTH
tryptic peptides from the mid-molecular and C-terminal region of PTH 1-84 were also
monitored. Despite that their measured concentration (up to 20 ng/mL) is out of the
determined linear range of the method (5-2000 pg/mL as previously described [264]),

the high concentration was consistent with the widely agreed knowledge that major
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forms of the circulating PTH are N-terminally truncated fragments of PTH 1-84 [11]. The
much lower concentrations of PTH 27-44 and 73-80 compared to that of PTH 45-52, 53-
65 and 66-72 were also consistent with the identified PTH 34-44, 37-44, 38-44 and 66-
77 with high abundance (Figure 5.7A-D). °N-labeled PTH 34-44, 37-44, 38-44 and 66-
77 were not observed in the five patient samples which confirmed that those identified

non-isotope-labeled truncated PTH peptides were produced in vivo instead of ex vivo.
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Concentration of PTH Tryptic Peptides in Patient Plasma (pg/mL)
PTH 1-13 PTS(é-)ls PTH 7-13 ng)l‘?' PTH14-20 PTS?’S‘;ZO PTH 27-44|PTH 45-52(PTH 53-65|PTH 66-72(PTH 73-80
Patient 1 432 0 ND ND 382 0 1018 18853 20335 12787 3763
Patient 2 211 0 ND ND 250 0 309 3228 3334 2515 736
Patient 3 196 0 ND ND 292 0 486 7788 7272 5097 1405
Patient 4 283 0 ND ND 391 0 811 18731 21758 19483 4245
Patient 5 682 0 ND ND 923 0 1438 15798 18620 13540 3971
Table 5.2 Concentration of full length, oxidized and truncated PTH tryptic peptides in

patient plasma determined by quantitative immuno LC-MS/MS with near full

sequence coverage. Concentrations of oxidized PTH peptides were

corrected to remove ex vivo oxidation. ND indicates that the peptide was not

detectable.
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Figure 5.7 Extracted ion current (XIC) chromatograms of representative HCD-MS/MS
fragment ions from truncated PTH peptides in a patient sample (A) XIC
chromatogram of y7* (m/z 681.4042) from PTH 34-44 (m/z 556.3348); (B)
XIC chromatogram of ys?* (m/z 277.1765) from PTH 37-44 (m/z 397.7478);
(C) XIC chromatogram of ys** (m/z 277.1765) from PTH 38-44 (m/z
341.2058); (D) XIC chromatogram of yio* (m/z 1017.4847) from PTH 66-77

(M/z 609.3040).
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5.2.3 Identification of Novel Truncation Sites of PTH Proteins

Novel truncation sites at residue 66 and 74 of PTH 1-84 were also discovered
and evidenced by HCD-MS/MS analysis of PTH-specific peptides including PTH 53-66
(KKEDNVLVESHEKS) and PTH 66-74 (SLGEADKAD) (Figure 5.8A and B) found in
patient samples. Absence of *N-labeled PTH 53-66 and 66-74 in patient samples
confirmed that the truncation at residue 66 and 74 occurred in vivo. Phosphorylation at

serine 17 of PTH 1-84 was not identified in these patient samples.
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Figure 5.8 Identification of novel truncation sites of PTH by LC-HCD-MS/MS analysis
of (A) PTH 53-66 (z = +4) and (B) PTH 66-74 (z = +2) from a representative

patient sample.
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5.3 Conclusions

An immuno LC-MS/MS method enabling simultaneous identification and
guantification of in vivo full length, truncated and oxidized PTH was developed. Different
heavy isotope-labeled PTH protein and oxidized peptide internal standards were
employed for accurate quantitative analysis of various forms of PTH after correction of
possible ex vivo post-translational modification (i.e., oxidation and truncation) occurring
during sample handling. Transitions with near full sequence coverage were coupled with
high resolution/accurate mass tandem mass spectrometry to avoid possible interference
from complex background signals in patient samples and unambiguously quantify the
targeted PTH peptides. After analysis of five patient samples using the developed
method, no in vivo oxidation was detected after correction for ex vivo oxidation. Also, no
notable quantities of N-terminally truncated PTH 7-84 was detected as previously
reported. The inconsistent concentration of PTH 1-13 and 14-20 in patient samples
indicated the existence of other previously unidentified truncated PTH except PTH 7-84.
Novel in vivo truncation site at residue 66 and 77 of PTH 1-84 were also identified. It is
expected that more post-translationally modified forms, mainly truncated forms of PTH
will be discovered, identified and quantified in future study of PTH using immuno mass
spectrometric methods for the purpose of studying their not fully understood biological

activities and possible clinical utilities.
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CHAPTER SIX

Quantitative Proteomic Analysis Using Dimethyl Labeling and Two Dimensional
LC-MS/MS to Study the Mechanism of Action of the Non-Competitive Proteasome
Inhibitor, TCH-013

6.1 Introduction

The 26S proteasome, consisting of a 20S catalytic core particle and 19S
regulatory particle is the central protease responsible for maintaining cellular
homoeostasis through the ubiquitin-proteasome pathway [268]. Inhibition of this
pathway using Bortezomib has emerged as a rational strategy for the chemotherapeutic
treatment of multiple myeloma (MM), a cancer of plasma cells located within bone
marrow [269]. Through covalent binding to the catalytic sites at N-terminal threonine of
several 20S B-subunits of the 26S proteasome, Bortezomib competitively blocks the
ubiquitin-proteasome pathway of protein degradation [270]. Via competitive inhibition,
Bortezomib is effective in inducing death of cells (e.g., multiple myeloma cells) where
the 26S proteasome is constantly under a high burden to degrade rapidly produced
toxic misfolded proteins [271], however, >97% of patients become resistant or intolerant
to treatment in the first few years, after which survival is typically less than a year [272].
Bortezomib resistance is, in part, due to the overexpressed mutated forms of catalytic
subdomains of 26S proteasome at the original drug binding sites which inhibit the
effectiveness of protein/Bortezomib binding [273, 274].

Alternatively, drugs enabling non-competitive inhibition of proteasomes have
been suggested to overcome treatment resistance and can present lower toxicities
[275-277]. Both peptide- and small molecules-based non-competitive proteasome

inhibitors have been reported [275-280]. For example, a proline- and arginine-rich
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peptide named PR-39 can inhibit degradation of specific proteins including IkB after
binding to the non-catalytic a-subunit of 20S proteasome and changing the structure of
the proteasome [275]. As small molecule-based proteasome inhibitors, chloroquine and
the secondary fungal metabolite, gliotoxin, were shown to non-competitively inhibit the
activity of 20S proteasome, but both have issues of toxicity [278, 279]. Although 5-
amino-8-hydroxyquinoline (5AHQ) was also reported to selectively inhibit the
proteasome in myeloma and leukemia cells, no direct evidence for interaction between
5AHQ and the proteasome was provided [280]. Recently, Tepe and co-workers
described the substrate selectivity of proteasome mediated proteolysis induced by small
molecule imidazoline scaffolds, TCH-013 and its derivatives, via a non-competitive
protein/ligand interaction and with nanomolar potency [276, 277]. This class of small
molecules represents a promising direction for the development of novel non-
competitive proteasome inhibitors which overcome the limitations caused by competitive
proteasome inhibition. However, little is known about the site(s) at which the non-
competitive inhibitor binds to the proteasome, or their mechanism(s) of biological activity.

MS-based quantitative proteomic strategies are widely used to elucidate the
mode of action by which a drug exerts its pharmacological effect by providing
information on drug-induced regulation of functional proteins and/or their PTMs [281].
For example, the mechanism of action of Lenalidomide, another effective drug for MM,
is not fully understood [282]; through large scale quantitative proteomic analysis, Kronke
et al. reported that two essential transcription factors of MM cells, IKZF1 and IKZF3,
were selectively ubiquitinated and degraded by CRBN-CRL4 ubiquitin ligase, providing

a novel mode of action for lenalidomide [283]. For any successful proteomics study, a
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broad coverage of identification and sufficient depth of quantification is critical for
unbiased searching of stimuli-induced changes in protein and PTM abundance [50, 64].
Therefore, reducing the sample complexity through enrichment and/or fractionation
techniques is usually required [50]. Basic pH reversed-phase fractionation is gaining
popularity due to the availability of reversed-phase columns tolerable to a wide pH
range, better resolving power of hydrophobicity-dependent separation compared to that
of other separation techniques (e.g., strong cation ion exchange) and more affordable
cost compared to antibody-based enrichment [284]. To enable large scale MS-based
guantitative proteomic analysis of animal or human samples where spiking stable
isotope labeled analogue standards and metabolic labeling of stable isotopes are not
applicable, chemical labeling with isotope-coded tags followed by sample pooling before
down-stream analysis is commonly used as discussed in Chapter 1, section 1.2.1.3.3.
Relying on the advantages of inexpensive reagents, fast reactions and applicability to a
broad range of sample quantities, dimethyl labeling is one of the frequently used
chemical labeling methods for quantitative proteomic studies [188]. In this chapter, a
strategy involving stable isotope-containing dimethyl labeling, basic reversed-phase
fractionation and quantitative LC-MS/MS was employed for quantitative proteomic
analysis of TCH-013 (imidazoline scaffold)-, Bortezomib- and vehicle control- (DMSO)
treated human RPMI-8226 cells, to gain insights into the mechanism of non-competitive

proteasome inhibition.
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6.2 Results and Discussion
6.2.1 Quantitative Proteomic Analysis Workflow

A quantitative proteomic analysis workflow (Figure 6.1) using enzymatic digestion,
dimethyl labeling, basic reversed-phase fractionation, LC-MS/MS and bioinformatic
analysis was designed to characterize the effect of TCH-013 on cellular protein
abundance to help elucidate its mechanism of action. In detail, after drug (i.e., TCH-013,
Bortezomib and DMSO vehicle control) treatment to RPMI-8226 cells, protein extraction
and protein concentration measurement, the crude protein samples were reduced,
alkylated and digested by trypsin to generate peptide samples. To enable duplexed
guantitative analysis using MS, peptides from samples at each treatment condition were
differentially labeled by deuterated formaldehyde (CD20) or formaldehyde (CH20) as
the alkylation reagent and NaBH3CN as the reduction reagent. In this study, TCH-013
treated samples were labeled by CD20 while Bortezomib and DMSO treated samples
were labeled with CH20. Then, the CD20 labeled (TCH-013 treated) sample was mixed
with the CH20 labeled (Bortezomib or DMSO treated) sample at ratio of 1:1 (normalized
to protein quantity). To improve the coverage of identification and depth of quantification,
basic pH reversed-phase fractionation was used to separate the sample mixture into 10
less complex fractionations based on their hydrophobicity at high pH conditions which is
orthogonal to that at low pH conditions used for subsequent data-dependent LC-MS/MS
analysis of each fraction [284]. For the acquired data, MaxQuant software was
employed for database search-based peptide identification, protein assignment and
extraction of quantitative information from the intensity ratios of CD20-labeled (heavy)

and CH20-labeled (light) peptide duplet peaks. Quantitative analysis at a protein level
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was achieved by an in-house C++ script. A heavyl/light ratio for each protein was
expressed as the median value of the normalized, logz> transformed and grouped
heavyl/light ratio of each peptide assigned to that protein. As mentioned in Chapter 1,
section 1.2.1.3.3, dimethyl labeling can lead to peptide retention time shifts caused by
deuterium isotope effects [190]. The accuracy of quantifying based on the intensity
ratios of heavy/light peptide duplet peaks may be compromised by this phenomenon
which occurred during first and second dimensional separations in the designed
workflow [190]. To correct this type of systematic error, peptides identified in multiple
fractions were not used for quantification. Also, the intensity ratios of heavy/light peptide
duplet peaks were analyzed collectively over the whole chromatographic peak by
plotting the peak intensity of heavy peptide over that of light peptide and calculating the

slope (i.e., heavy/light ratio) using a linear fit model [285].
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6.2.2 Coverage of Protein Identification and Selection Criteria During Protein

Quantification

Proteomic analysis of TCH-013-, Bortezomib- and DMSO-treated RPMI-8226
cells using the workflow described above revealed >1200 proteins with at least 2
peptides identified in each of the three treatments and in all three biological replicates.
The coverage of protein identities acquired by this workflow is illustrated in Figure 6.2A-
B. From TCH-013-treated (heavy) and Bortezomib-treated (light) samples (Figure 6.2A),
1721 proteins were identified in total from three biological replicates in which 78.4%
(1350) of them are common in at least two biological replicates and 59.4% (1022) of
them are common for all three biological replicates. Similarly, from TCH-013 treated
(heavy) and DMSO treated (light) cells (Figure 6.2B), 1788 proteins were identified in all
three biological replicated where 81.5% (1457) and 65.8% (1176) were identified in two
and three biological replicates, respectively. The good overlap of identified proteins
between biological replicates demonstrates that the designed workflow has a broad
enough coverage of identification for subsequent large scale quantitative analysis. The
influence of selection criteria (i.e., minimum number of peptides for each protein) on the
number of quantified proteins common in all three biological replicates was shown in
Figure 6.2C and D for the two sample mixtures. Although more heavy/light peptide pairs
assigned to each protein is desired to acquire a more reproducible heavy/light protein
ratio, the number of relatively quantified proteins decreases at the same time, which
limits the ability to find possible drug-regulated proteins with less peptides assigned. In
this study, stringent criteria was applied i.e. only proteins with >=4 peptides from each of

the three treatments and in all three biological replicates were used for a more
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reproducible quantification at protein level. After applying the selected criteria, 402
heavy/light protein pairs was considered to be relatively quantified in the sample
mixtures consisting of cellular proteins under TCH-013 and Bortezomib treatment and
472 heavy/light protein pairs was considered to be relatively quantified in the sample
mixtures consisting of cellular proteins under TCH-013 and DMSO treatment.
Ubiquitination was not quantified in this study due to the much lower number of
identified and quantified ubiquitinated peptides compared to their unmodified

counterparts.
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6.2.3 Protein Regulation in Human RPMI-8226 Cells Induced by TCH-013
Following relative quantification of the proteins from human RPMI-8226 cells
subjected to different treatments, the histograms of averaged log2 heavy/light proteins
ratios (n=3) for quantified proteins after TCH-013 (heavy) treatment vs Bortezomib
(light) treatment or TCH-013 (heavy) treatment vs DMSO (light) treatment were plotted
(Figure 6.3A and B). In general, protein abundance appeared to be unaffected by the
selective proteasome inhibitor, TCH-013 as well as the non-selective proteasome
inhibitor, Bortezomib. This steady-state level of proteins was consistent with previous
large scale proteomic studies involving human 293T and HCT116 cells treated with
Bortezomib and human Jurkat cells treated with another competitive proteasome
inhibitor, MG-132 [286, 287]. In addition, although both Bortezomib and TCH-013 have
been demonstrated to induce accumulation of ubiquitinated proteins as the substrates
of the ubiquitin-proteasome protein degradation pathway, no proteins were significantly
(near 2 folds) up-regulated in TCH-013 treated samples compared to those treated with
Bortezomib or DMSO (control), possibly due to the low stoichiometry of ubiquitination
[286, 287]. However, in the present study TCH-013, but not Bortezomib or DMSO,
treatment was associated with significant (near 2 folds) down-regulation of four proteins
(Table 6.1) namely prohibitin-2, NAD(P) transhydrogenase, NADH-ubiquinone
oxidoreductase and ADP/ATP translocate 2. Surprisingly, they are all closely involved in
regulation of the mitochondrial respiration for production of ATP or the detoxification of
reactive oxygen species (ROS), both of which are usually increasingly demanded for
growth and division of cancer cells having higher rates of metabolism [288-291]. For

example, knockdown of prohibition-1 and prohibition-2 together or prohibition-2 alone
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have been reported to suppress tumor growth [288, 292, 293]. Also, the key roles of
mitochondrial ADP/ATP translocate 2 in the almost exclusive metabolism pathway (i.e.,
glycolysis) in many cancer cells were also summarized in a recent review [290]. To
further elucidate the mechanism of observed selective protein down-regulation induced
by TCH-013 and how it is related to TCH-induced activity changes of proteasome
and/or cell apoptosis, more targeted biological studies on protein ubiquitination and

protein interactions are required.
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l0g2(10 pM TCH-013/ l0og2(10 pM TCH-013/ 10g2(0.1puM bortezomib/
Protein name 0.1pM bortezomib) 0.1% DMSO) 0.1% DMSO)
Repl | Rep2 | Rep3 | Repl | Rep2 | Rep3 | Repl | Rep2 | Rep 3

Prohibitin-2 -093 | -1.20 | -0.74 | -1.04 | -1.19 | -091 | -0.11 0.01 -0.17

NAD(P) transhydrogenase | -0.83 | -0.98 | -0.64 | -0.96 | -1.06 | -0.83 | -0.13 | -0.08 | -0.19

NADH-ubiquinone

. -0.78 -1.00 -0.71 -1.04 | -1.08 -0.87 -0.26 -0.08 -0.16
oxidoreductase

ADP/ATP translocase 2 -0.67 | -1.14 | -057 | -0.95 | -1.04 | -0.65 | -0.28 0.10 -0.08

Table 6.1 Protein down-regulation (near 2 folds) expressed in log. heavy/light protein ratios in
three biological replicates of TCH-013 (heavy) treated RPMI-8226 cells compared to

that treated with Bortezomib (light) and DMSO control (light).

135



6.3 Conclusions

A quantitative proteomics strategy comprising human RPMI-8226 cells treated
with either the non-competitive proteasome inhibitor, TCH-013, the competitive
proteasome inhibitor, Bortezomib or DMSO (vehicle control), tryptic digestion, dimethyl
labeling, basic pH reversed-phase fractionation, LC-MS/MS and bioinformatic tools
were employed to study the mechanism of action of TCH-013. To minimize the errors of
guantification caused by retention time shifts of CD20-labeled peptides compared to
their CH20-labeled counterparts, peptides identified in multiple fractions were excluded
for quantitative analysis and the integral intensity ratios of CD20/CH20-labeled peptide
duplet peaks were calculated collectively over their chromatographic peaks. In each of
three treatments and in all three biological replicates >1200 proteins with at least two
peptides were identified and >400 proteins with at least 4 peptides were quantified.
Although no significantly up-regulated proteins were observed, 4 proteins including
prohibitin-2, NAD(P) transhydrogenase, NADH-ubiquinone oxidoreductase and
ADP/ATP translocate 2 were found to be down-regulated by at least two fold.
Interestingly, down-regulated proteins were all closely related to the regulation of
mitochondrial functions which are critical to growth and division of many cancer cells
[288-293]. While the exact mechanism of selective protein down-regulation induced by
TCH-013 in the present study remains unclear, this work provides candidate protein

targets for future more targeted TCH-013 mechanistic studies.
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CHAPTER SEVEN
Experimental Methods for Chapters Five and Six

7.1 Materials

Acetic acid (99%) and formic acid (FA, 99%) were purchased from Thermo
Fisher Scientific (San Jose, CA), trifluoroacetic acid (TFA, LC grade) from Applied
Biosystems (Waltham, MA) and acetonitrile (ACN, HPLC grade) and 25% ammonia
solution from EMD Millipore (Billerica, MA). Trypsin (sequencing grade), iodoacetamide,
ammonium formate, triethylammonium bicarbonate (TEAB) buffer solution, 37%
formaldehyde (CH20) in water (H20) and 20% deuterium-labeled formaldehyde (CD20)
in deuterium-labeled water (D20) were purchased from Sigma-Aldrich (St. Louis, MO).
Urea, methanol, chloroform and tris(2-carboxyethyl)phosphine (TCEP) solution were
purchased from Thermo Fisher Scientific (San Jose, CA). HPLC grade H20 was
provided by a Milli-Q A10 water purification system (EMD Millipore, Billerica, MA).
Sodium bicarbonate (NaHCO3s) was purchased from Chem Supply (Gillman, Australia).
Oasis solid phase extraction (SPE) cartridges (10 mg sorbent, 30 uM particle size) were
from Waters Corporation (Milford, MA). *N-labeled recombinant human parathyroid
hormone (PTH) 1-84 internal standard was purchased from Cell Sciences (Canton, MA)
and its concentration was determined by amino acid analysis. World health organization
(WHO) international standard human recombinant PTH 1-84 was from National Institute
for Biological Standards and Control (NIBSC, Potters Bar, UK). Isotope-labeled oxidized
PTH 1-20 and 7-20 internal standard peptides, both with methionine sulfoxide (M(O)) at
residue 8 and 18 as well as 13Ce'°N1-labeled leucine (**Ce'°NiLeu) at residue 7 and 15

were purchased from Sigma-Aldrich (St. Louis, MO). Bortezomib was purchased from
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Selleck Biochemicals (Houston, TX). TCH-013 was synthesized by the Tepe lab at
Michigan State University (East Lansing, MI) as previously described [294]. All other
reagents were commercially available and used without further purification.
7.2 Biological Samples
7.2.1 Patient Information and Immuno-Affinity Enrichment of PTH Proteins
Plasmas samples were collected and prepared from patients with high
concentrations of PTH 1-84 (500 to 1500 pg/mL as previously measured by
chemiluminescent immunoassay) by the Martin lab at Saint Louis University (St. Louis,
MO). For 1 mL of patient plasma, 20 pL of PTH-depleted plasma containing 25 pg/pL
N-labeled PTH 1-84 was added immediately after blood draw and centrifuging
separation for plasma. Then patient plasmas were frozen, shipped, stored at -80 °C and
thawed at room temperature before immuno-affinity enrichment at DiaSorin (Stillwater,
MN). As previously described [264], 350 ug of magnetic beads coated with goat anti-
PTH (39-84) antibody were added in 1 mL of plasma before incubation at room
temperature with gentle rotation for immuno-affinity enrichment. The plasma was then
removed using a DynaMag-2 Magnet (Life Technologies, Grand Island, NY) to capture
the beads and washed with 1 mL each of phosphate-buffered saline (PBS) buffer, 35%
ACN and PBS buffer followed by a final wash with 1 mL of 10 mM NH4HCOs. Bound
PTH was then eluted with 100 pL of 3.5% ACN/0.9% FA after 10 min incubation with
gentle rotation. The eluent was dried down under vacuum.
7.2.2 Cell Culture and Treatment Using TCH-013, Bortezomib and DMSO
Cell lysates from Human RPMI-8226 cells treated with TCH-013, Bortezomib or

DMSO were provided by Tepe lab at Michigan State University (East Lansing, MI). The
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conditions for cell culture were described previously [276]. RPMI-8226 cells were
incubated with DMSO, Bortezomib or TCH-013 to final a concentrations of 0.1% (v/v),
0.1 yuM and 10 pM, respectively, for 1 hour at 37 °C and 5% CO: before harvest and
measurement of total protein concentration using BCA reagent.
7.3 Protein Digestion
7.3.1 Trypsin Digestion of PTH Standards and Immuno-Enriched Samples from

Patient Plasmas

To each dried sample containing eluted PTH from 1 mL of patient plasma, 47.5
pL of 10 mM NH4HCO3 and 500 ng trypsin dissolved in 2 pL of H2O were added. The
solution was incubated at 37 °C for 4 h, and the digestion was quenched by adding 0.5
uL of acetic acid. *3Ce'°N1iLeu-labeled PTH 1-20 M8(0O)M18(0O) mixed with equal molar
amount of 3Cs!®NiLeu-labeled PTH 7-20 M8(0O)M18(0O) was digested using the same
conditions described above (trypsin : peptide = 1 : 1) to prepare a stock solution of
internal standards containing 1 uM 3Ce!*NiLeu-labeled PTH 1-13 M(O) and 7-13 M(O)
as well as 2 uM 3Ce'°NiLeu-labeled PTH 14-20 M(O). After dilution with H20, 5 nM
13C615N1Leu-labeled PTH 1-13 M(O) and 7-13 M(O) as well as 10 nM 13Cs'>N:Leu-
labeled PTH 14-20 M(O) in 10 pL H20 was spiked into the digested patient sample.
After drying down under vacuum, the patient sample was reconstituted in 50 uL of 0.1%
TFA/2% ACN in H20 and 5 pL of each sample solution was used for LC-MS/MS
analysis (described below). WHO PTH 1-84 standard was also digested with the same
conditions to facilitate optimization of MS parameters for PTH peptides as described

below.
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7.3.2 Trypsin Digestion of Proteins in Lysates of TCH-013, Bortezomib and

DMSO Treated RPMI-8226 Cells

Following a methanol/chloroform precipitation, 50 pg of TCH-013, Bortezomib or
DMSO treated samples from each of three biological replicates were dried under
vacuum, separately. Thereafter, each sample was dissolved in 8 M urea in 50 mM
TEAB buffer (pH=8) and incubated at 37 °C for 30 min followed by reduction in 10 mM
TCEP at 37 °C for 45 min and alkylation in 55 mM iodoacetamide at 37 °C for 45 min.
Samples were then diluted to 1 M urea with 25 mM TEAB (pH=8) and digested for 18
hours at 37 °C with trypsin (1:40). Following digestion, samples were acidified to 1% FA,
desalted using an Oasis SPE cartridge and then dried under vacuum.
7.4  Dimethyl Labeling of Digested Proteins from TCH-013, Bortezomib and

DMSO Treated RPMI-8226 Cells

Each of the digested or desalted samples was re-dissolved in 200 pL of 100 mM
TEAB buffer (pH=8). TCH-013 treated samples were labeled by adding 8 puL of 4% (v/v)
CD20 in 100 mM TEAB buffer (pH=8) while Bortezomib and DMSO treated samples
were labeled by adding 8 pL of 4% (v/v) CH20 in 100 mM TEAB buffer (pH=8),
separately. 8 pL of 0.6 M NaBH3CN was added to each sample before incubation for 1
hour at room temperature while mixing. Thereafter 32 pL of 1% (v/v) ammonia solution
was added, vortexed, and 16 pL of formic acid was added to further quench the reaction.
Each sample was dried under vacuum and reconstituted with 100 pL of 5mM
ammonium formate/2% ACN, after which 50 pL of CD20 labeled TCH-013 treated
sample was mixed with either 50 pL of CH20 labeled Bortezomib treated sample or 50

pL of CH20 labeled DMSO treated sample.
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7.5 Basic pH Reversed-Phase Fractionation of Digested and Dimethyl Labeled

Proteins

Off-line basic reversed-phase fractionation was completed using an Alltima HP
AQ C18 column (2.1 X 100 mm, 3 uM, Grace Corporate, Columbia, MD) and an Agilent
1100 series HPLC system (Agilent Technologies, Santa Clara, CA). Solvent A is 5mM
ammonium formate/2% ACN (pH=10) and solvent B is 5mM ammonium formate/90%
ACN (pH=10). The flow rate of the LC system is 0.1 mL/min. 100 pyL of sample mixture
consisting of equal amount of TCH-013 treated sample with either Bortezomib or DMSO
treated sample in solvent A was injected. Then the percentage of solvent B in the
mobile phase was increased from 0% with a gradient of 1.2% B/min for 5 min, 1% B/min
for 2 min, 0.5% B/min for 19 min, 1% B/min for 4 min, 2% B/min for 8 min and 3% B/min
for 7 min. Finally, the percentage of solvent B was increased to 95% within 1 min, kept
for 4 min, decreased to 0% within 1 min and kept for 24 min for column cleaning and re-
equilibration. Across the entire gradient, the first fraction was collected from 0 - 17.5 min.
From 17.5 to 57.5 min, fractions were collected every 5 min. From 57.5 to 77.5 min, the
last fraction was collected. Each of the total 10 fractions for each injected sample was
dried under vacuum.
7.6 Mass Spectrometry
7.6.1 LC-MS/MS Analysis of Digested PTH standards and Immuno-Affinity

Enriched Samples from Patient Plasmas

LC-ESI-MS and HCD-MS/MS analyses were performed using a Thermo
Scientific Q Exactive Plus Orbitrap mass spectrometer (Thermo Fisher Scientific, San

Jose, CA) coupled to an Agilent 1200 Infinity Binary LC System (Agilent Technologies,

141



Santa Clara, CA). Analyses were performed using automated methods created by the
Xcalibur software (Thermo Fisher Scientific, San Jose, CA). Samples in 0.1 % TFA/2%
ACN were loaded onto an IntegraFrit Sample Trap Magic AQ C18 Column (3 um, 200
A, 150 pm 1.D. x 25 mm in length, New Objective, Woburn, MA) at a flow rate of 2
ML/min for 5 min using 0.1% FA/2% ACN as the loading buffer. The peptides
concentrated on the trap column were eluted onto a PicoChip Magic AQ C18 Column (3
um, 200 A, 150 uym I.D. x 105 mm in length, New Objective, Woburn, MA) at a flow rate
of 800 nL/min using a linear 20 min gradient from 2% to 60% solvent B (Solvent A is 0.1%
FA and solvent B is 0.1% FA/95% ACN). After gradient separation, the columns were
cleaned with 90% solvent B for 6 min followed by re-equilibrium with 98% solvent A for
10 min. The spray voltage of the Q Exactive Plus Orbitrap mass spectrometer was
maintained at 2.7 kV. The ion transfer tube of the mass spectrometer was set at 300 °C,
and the S-lens was at 60%. Full MS scans were acquired at m/z 250 — 2000, a resolving
power of 70,000, an auto gain control (AGC) target value of 1.0 x 10° and a maximum
injection time of 100 ms. HCD-MS/MS scans were taken at resolving power of 17,500,
AGC target value of 5.0 x 10% maximum injection time of 50 ms and an isolation
window of m/z 1.5. The resolving power of HCD-MS/MS scans was increased to
140,000 from 12.5 min to 13.9 min within the 20 min gradient to distinguish monitored
fragment ions from artefact ions in patient samples. All spectra were recorded in profile
mode. Targeted HCD-MS/MS analysis was performed based on the information listed in
Table 5.1 where charge states of precursor ions, normalized collision energy (NCE) and

monitored fragment ions have been optimized for optimal sensitivity by LC-ESI-HCD-
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MS/MS analysis of PTH peptides from digested WHO PTH 1-84, 3Cs'*N:Leu-labeled
PTH 1-20 M8(0)M18(0) and 3Ce5NiLeu-labeled PTH 7-20 M8(O)M18(O).
7.6.2 LC-MS/MS Analysis of Digested, Dimethyl Labeled and Fractionated
Proteins from TCH-013, Bortezomib and DMSO Treated RPMI-8226 Cells
Each of 10 fractions from each sample reconstituted in 120 pL 0.1% FA/2% ACN
was analyzed by LC-MS/MS using a Q Exactive Plus mass spectrometer coupled to an
Ultimate 3000 UHPLC (Thermo Fisher Scientific, San Jose, CA). Solvent A is 0.1%
FA/2% ACN and solvent B is 0.1% FA in ACN. 6.4 L of each fraction was injected onto
a PepMap C18 trap column (75 pM X 2 cm, 3 pM, 100 A, Thermo Fisher Scientific, San
Jose, CA) at 2 pL/min for 15 min using 2% ACN and then separated through a PepMap
C18 analytical column (75 pM X 15 cm, 2 uM, 100 A, Thermo Fisher Scientific, San
Jose, CA) at a flow rate of 300 nL/min. During separation, the percentage of solvent B in
mobile phase was increased from 2% to 10% in 1 min, from 10% to 35% in 50 min, from
35% to 60% in 1 min and from 60% to 90% in 1 min. Then the columns were cleaned at
90% B for 7 min before decreasing the % B to 2% in 1min and re-equilibrating for 6 min.
The spray voltage, temperature of ion transfer tube and S-lens of the Q Exactive Plus
Orbitrap mass spectrometer was set at 1.8 kV, 250 °C and 50%, respectively. The full
MS scans were acquired at m/z 300 — 2000, a resolving power of 70,000, an AGC
target value of 3.0 x 10% and a maximum injection time of 30 ms. HCD-MS/MS scans
were acquired at a resolving power of 17,500, AGC target value of 5.0 x 104, maximum
injection time of 120 ms, isolation window of m/z 1.4 and NCE of 25% for the top 12

most abundant ions in the MS spectra. All spectra were recorded in profile mode.
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7.7 Data Analysis
7.7.1 Quantification of Full Length, Oxidized and Truncated PTH Variants in

Patient Plasma

PTH 1-13 M(O) and PTH 1-13 represent any form of PTH 1-84 with and without
oxidation within residue 1-13, respectively, while PTH 7-13 M(O) and PTH 7-13
represent any form of PTH 7-84 with and without oxidation, respectively, within residue
7-13. PTH 14-20 M(O) and PTH 14-20 represent any form of residue 14-84 containing-
PTH (i.e., PTH 1-84 and 7-84) with and without oxidation within residue 14-20. PTH 27-
44, 45-52, 53-65, 66-72 and 73-80 were also quantified using targeted HCD-MS/MS
and '°N-labeled standards from digestion of *°N-labeled PTH 1-84.

For each of the PTH peptides listed in Table 5.1, its HCD-MS/MS spectra were
averaged across the extracted ion current (XIC) chromatogram peak of the
corresponding representative fragment ion. For each unoxidized peptide, the

concentration (Cnon_ox) Was calculated using the equation (1),

Inon_ C
Cnon_ox = 00 SN (1)

I15sN_nonox V

where Inon ox and lisn non ox are intensities of isotopic clusters of the representative
product ion of the unoxidized PTH peptide and unoxidized °N-labeled PTH peptide
internal standard. Cisn is concentration of '°N-labeled PTH 1-84 or 7-84 internal
standard spiked in plasma and V is the volume of original plasma sample.
Concentrations of in vivo oxidized PTH peptides (Cox) were determined using the
equation (2),

I15N_ox

0X™ ] non_ox
15N_non_ox

C 1
Cox — 13C15N (2)

lizcisN \ Yrecovery
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where lox, l15n_ox, l13cisn are the intensities of isotopic clusters of the representative
product ion of the oxidized PTH peptide, oxidized °N-labeled PTH peptide internal
standard and 3Ce!°NiLeu-labeled oxidized PTH peptide internal standard. Ciscisn is
concentration of 13Ce'°N1Leu-labeled oxidized PTH peptide internal standard spiked in
sample before LC-MS/MS analysis and Yyrecovery iS the recovery yield (66%) of the
immuno LC-MS/MS method [264].
7.3.3 Bioinformatic Analysis for Proteomic Profiling of Proteins in TCH-013,

Bortezomib and DMSO Treated RPMI-8226 Cells

Peptides and proteins were identified and quantified using the MaxQuant
software package, version 1.5.3.30 [285, 295]. The terminology described below is
specific to this software. Data was searched against human Uniprot protein database
containing 78,909 entries. For searching, the enzyme specificity was set to be trypsin
with the maximum number of missed cleavages set to be 2. The MS and MS/MS
tolerance were set to be 4.5 ppm and 20 ppm, respectively. Fixed modifications were
set as two-plex dimethyl labeling of lysine residues and peptide N-termini and
carbamidomethylation of cysteine residues. Variable modifications were set as oxidation
of methionine residues, acetylation of protein N termini and glycine-glycine addition
(Gly-Gly) on the side chains of lysine residues. The false discovery rate (FDR) for
peptide and protein identification was set to 1%. The minimum peptide length was set to
be 6 and peptide re-quantification functions were enabled. Following a MaxQuant
search, reverse and potential contaminant peptides and proteins were removed. Only
proteins identified with at least 2 unique/razor peptides were considered as identified.

In-house C++ script was written by David Perkins in the Bio21 Mass Spectrometry and
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Proteomics Facility at the University of Melbourne and used to process the data in
MaxQuant Evidence table for quantitative analysis. Briefly, for each experiment,
peptides with same ‘Mod. Peptide ID’ but having different ‘Fraction’ numbers were
removed to avoid incorrect H/L peptide ratios caused by shifted retention times of CH20
and CD20 labeled peptides in the basic reversed-phase fractionation. Then, to correct
errors from sample mixing, H/L ratios of the remaining peptides were normalized so that
the median ratio was 1. The normalized peptide H/L ratios were logz transformed and
the median values were calculated for peptides with the same sequence as their
grouped H/L ratios. A H/L ratio of protein group was derived by calculating a median
value over normalized, log2 transformed and grouped H/L ratio of peptides assigned to

that protein group.
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