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Abstract

Mass spectrometry has increasingly become the method of choice for the analysis of
complex biological samples, including proteins and lipids. This thesis describes the
development of MS-based analytical methodologies for the analysis of complex proteomic

and lipidomic samples.

Chapter 3 describes the development of microfluidic proteomic reactors, in the
formats of SCX reactor, SCX 96-well plate reactor, and SAX reactor, for the enzymatic
digestion of complex proteomic samples for subsequent LC-MS/MS analysis. These
microfluidic proteomic reactors greatly simplified the enzymatic digestion of complex
proteomic samples by combining multiple processing steps, such as rapid extraction and
enrichment of proteins. Furthermore, chemical and enzymatic treatments of proteins were all
performed in a few nanoliters effective volume, resulting in an increased protein digestion
efficacy. After the protein digestion process, the resulting peptides were eluted in buffers that

were compatible with HPLC-MS/MS analysis.

In chapter 4, a methodology based on nano-HPLC-ESI-MS/MS for the analysis of
PAF and LPC lipid species is described. In this method, lipid extracts from biological
samples were separated by nano-flow HPLC prior to being introduced into a Q-TRAP 2000
mass spectrometer, where the lipid species of interest were detected using a precursor ion
scan at m/z 184. Absolute quantitation of PAF family lipid species were performed with
standard addition method, where 5 standard solutions containing 0.2-1 ng each of C16:0,
C18:0 PAF and C16:0, C18:0 lyso-PAF were used in the experiment. Further, the spiking of
identical amount of non-endogenous C13:0 LPC at time of extraction allow the relative
comparisons of other LPC lipid species of interest between different samples. The developed
methods were employed to analyze the changes of PAF and LPC lipid species in NGF-
differentiated PC12 cells, in the posterior/entorhinal cortex of AD patients and TgCRNDS
transgenic mice, and over the course of 24 hour exposure of human hNT neurons to AP4,

treatment, respectively, in comparison to controls.



Chapter 5 describes the development of a novel shotgun lipidomic methodology for
the determination of stereospecificity of diacyl glycerophospholipids including
glycerophosphatidic acids (PA), glycerophosphoserines (PS), glycerophosphoglycerols (PG),
glycerophosphoinositols(PI), and glycerophosphoethanolamines (PE), which can be
conventionally ionized under negative ion mode. The stereospecificity of diacyl
glycerophospholipids was determined based on the relative abundance of the lyso-form
fragment ions, attributed to the neutral loss of fatty acyl moieties. The fragmentation patterns
of a variety of diacyl glycerophospholipid standards were first fully examined over a wide
range of collision energy. We observed that lyso-form fragment ions corresponding to the
neutral loss of fatty acyl moieties attached to the sn2 position as free fatty acids ([M-Sn2])
and as ketenes ([M-(Sn2-H,O)]) exhibited consistently higher intensity than their counter
part ions due to the neutral loss of fatty acyl moieties attached to the sn/ position ([M-Snl1]
and [M-(Snl-H,0)]). We then examined the product ion spectra of diacyl
glycerophospholipids recorded from lipid extracts of rat hepatoma cells, where the

stereospecific information of these lipids was conclusively determined.
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Chapter 1 Introduction

1.1 MS-based Proteomics
1.1.1 The general picture

Proteomics can be understood as the large-scale study of gene and cellular functions
at the protein level. Mass spectrometry has become the method of choice for analysis of
complex protein samples (/-2). MS-based proteomics is a discipline made possible by the
availability of gene and genome sequence databases, advances in analytical technologies,
notably the discovery and development of ‘soft ionization’ methods (3-4), and the
development of database searching algorithms (5-7). These technologies have allowed high-

throughput characterization and quantification of proteins in a biological sample or system.

Bottom-up or shotgun proteomics is the most common MS-based method for
studying proteins (/-2). In bottom-up proteomics studies (Figure 1.1.1a), a mixture of
proteins is normally enzymatically cleaved into peptides. The resultant complex peptide
mixture is separated using high performance liquid chromatography and other methods, prior
to being analyzed by MS. In contrast to bottom-up proteomics methods, top-down MS-based
proteomics (Figure 1.1.1b) refers to the analysis of intact proteins, which are not
enzymatically digested prior to MS analysis (8-9). Top-down MS-based proteomic approach
is normally applied to relatively simple protein samples. The analysis of intact proteins using
MS provides comprehensive information on post-translational modifications (PTMs) through
the identification of the intact mass of a given protein. The proteomics part covered in the

thesis falls within the scope of bottom-up or shotgun proteomics.

The proteome is not only complex, it is spatially, temporally, and chemically
dynamic (/0-11). The explicit goal of global proteomics is the systematic analysis of a large
number of proteins expressed in a cell or an organism (/). Complementing global proteome
profiling, targeted proteomics focuses on a predefined list of small number of
proteins/peptides (/2-13). These proteins/peptides are often first identified in a global

proteome study. Targeted proteomics strategies have the potential for providing greater
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sensitivity and allowing for the detection of lower abundance candidate peptides and proteins

present (13).

It is worth noting that proteomics must deal with a limited amount of starting
materials. This is unlike DNA sequencing, where the samples are scalable through the
polymerase chain reaction. In addition, proteomics also faces other challenges such as
sample degradation, a large dynamic range, various forms of post-translational modifications,
and spatial and temporary variations. All of these difficulties make any comprehensive

proteomics project a daunting task.

1.1.2 Bottom-up/shotgun proteomic experiments

In a typical bottom-up/shotgun proteomic experiment, protein samples are converted
into an even more complex mixture of peptides, normally using trypsin. Trypsin has high
activity and is a stable protease, which specifically cleaves proteins on the carboxy-terminal
side of arginine and lysine residues (/4-15). The tryptic peptides, as analyzed by a mass
spectrometer, can result in information-rich, and easily interpretable, peptide-fragmentation

spectra (2).

Another advantage of digesting a protein into a set of peptides is that the physico-
chemical properties of the protein become less important. As long as some of the peptides
originated from the protein can be sequenced by the mass spectrometer, the protein will
likely be identified (2). For example, membrane proteins work well with MS-based
proteomic approaches whereas they are very difficult to work with using other methods,

because of their insolubility in water.

A mass spectrometer consists of an ion source, a mass analyser that separates the
charged analytes according to their mass-to-charge ratio (m/z), and a detector that registers
the number of ions at each m/z value. Mass spectrometry measurements are carried out in the

gas phase at low pressure to minimize collisions.



Electrospray ionization (ESI) (4) and matrix-assisted laser desorption/ionization
(MALDI) (3) are two ‘soft’ ionization techniques that allow the transfer of intact analytes
such as peptides from the liquid phase (ESI) or solid phase (MALDI) to the gas phase for
mass spectrometric analysis. The proteomic experiments covered in the thesis only involve
electrospray ionization under positive ion mode. Because ESI transfers the analytes from
solution to gas phase, it is readily coupled to high-performance liquid chromatography

(HPLC) separation of peptide mixture.

Briefly, as shown in Figure 1.1.2, the peptides are introduced to the electrospray tip
(10 um picotip emitter) as the eluent flow from high performance liquid chromatography
(HPLC). Flow rates at the tip are typically around 200 nL/min (/6-17). About +1.5 kV is
applied between the electrospray emitter and the orifice of the mass spectrometer, resulting
in the formation of a Taylor cone at the end of the emitter and forcing the ejection of
positively charged droplets from the emitter towards the orifice of the mass spectrometer. As
the droplets traverse the space between the emitter and the orifice, solvent evaporation
occurs. The droplets continue to shrink until they reach the “Rayleigh limit”, at which point
the surface tension can no longer sustain the charge and a “Coulombic explosion” occurs.
The Coulombic explosion results in smaller droplets, which can repeat this process, until

peptide ions are in the gas phase (4).

These peptide ions can be singly or multiply charged, designated as (M + nH)"",
where M refers to the mass of the peptide, H' is the mass of a proton, and n is the charge
(number of protons). Doubly and triply charged peptide ions typically result in information-
rich fragmentation spectra, and are normally used for peptide/protein identification. In
proteomics, ESI is often used for the analysis of complex peptide samples, where it is mostly
coupled with hybrid instruments such as Orbitrap and QqTOF to perform MS, MS/MS, and
MS" experiments, and with triple quadruple instruments to perform multiple reaction

monitoring (MRM) and single reaction monitoring (SRM) experiments.

Typical shotgun proteomics employs a series of MS and MS/MS for peptide
identification. A MS spectrum is first acquired to survey the m/z of the analytes present in
the sample. Then, a series of MS/MS spectra are generated for selected m/z (precursors)
from the MS spectrum. In MS/MS, the precursor ion is first isolated, and then fragmented

3



into smaller fragments, which are then subjected to mass analysis. For LC-MS/MS, the

process is repeated for the duration of the LC separation of the peptide mixture.

In shotgun proteomic experiments, peptide fragmentation is typically achieved using
collision-activated dissociation (CAD) (2), which involves colliding the peptide ions with
neutral atoms or molecules in the gas phase. Alternatively, electron capture dissociation
(ECD) (/8-20), which involves attaching low energy electrons to multiply charged
protein/peptide ions, can also be employed for peptide fragmentation. As shown in Figure
1.1.3, CAD and ECD cleave on different sites and therefore result in different type of
fragment ions. CAD cleaves the peptide bond and results in b ions when the charge is
retained by the amino-terminal fragment, or y ions when it is retained by the carboxy-
terminal fragment (2). ECD cleaves the N-Ca bond and results in ¢ ions when the charge is
retained by the amino-terminal fragment, or z ions when the charge is retained by the
carboxy-terminal fragment (27). ECD generates more extensive fragmentation than CAD and
therefore provides better sequence coverage of larger and highly charged analytes (/8). As a
result, ECD is normally integrated with top-down proteomic experiments. The electron-
based fragmentation methods have also shown great promise for improved characterization

of labile PTMs such as phosphorylation (22-23).

It should be noted that knowing the fragmentation pattern of a peptide in a CAD or
ECD process is important for peptide identification. As will be discussed later,
protein/peptide identification is a matching process between the observed peptide fragment
ions and the theoretical peptide fragment ions. The theoretical peptide fragment ions are

predicated based on the known fragmentation pattern of a peptide in a CAD or ECD process.

1.1.3 Protein/peptide separation

In biological samples, such as human blood plasma, the protein concentration range
can span 12 orders of magnitude, where albumin and immunoglobulins are present in the
magnitude of mg/mL whereas cytokines are at the level of pg/mL (/0). In order to monitor

the expression levels of clinically relevant proteins in plasma, the MS-based proteomic



technologies must be capable of detecting proteins at ng/mL levels or lower. Detecting and
quantifying potentially thousands of proteins present in a complex biological sample,

spanning over a huge range of relative abundances, poses an enormous analytical challenge.

Single-dimension liquid chromatography does not provide sufficient peak capacity to
separate peptide mixtures, which are generated by the proteolysis of complex protein
mixtures. The sample complexity can be reduced, and therefore the depth and breadth of
proteome coverage can be increased, with fractionation/separation techniques at either the

protein or the peptide level, or both.

Protein mixtures are often separated by SDS—PAGE and the whole lane of the gel are
excised into slices so that the proteins in each gel slice can be analysed separately by single-
dimension HPLC-MS/MS (24). If protein samples are separated by two-dimensional gel
electrophoresis (2DE), spots of interest are excised, digested and analysed by HPLC-MS/MS.
As an alternative to protein fractionation, peptide mixtures can be separated by following
two orthogonal separation mechanisms. The most popular peptide separation methodology at
present is the so-called multidimensional protein-identification technology (MudPIT) (25-26),
where the peptide mixtures, generated by tryptic digestion of protein samples, are first
separated on the basis of charge (strong cation exchange), and then on the basis of
hydrophobicity (reversed phase). In-depth characterization of the proteome of complex
proteomic samples, such as biofluids, has also been made possible through the development

and application of immunoaffinity depletion chromatography (27).

To improve the capability of detecting lower abundant proteins in a complex
proteomic samples, various combinations of protein/peptide separation and immunodepletion
of high abundant proteins can be explored. In principle, these methods are capable of
detecting proteins of very low abundance, although considerable effort is required and a
sufficient amount of starting protein sample must be available. The ability of MS-based
proteomic technologies to identify low abundance proteins from complex mixtures is a

driving force in proteomics.



1.1.4 Protein/peptide identification

It is important to note that de novo sequencing of the complete amino acid sequence
of a protein using a mass spectrometer is generally not feasible. In shotgun proteomics, only
a small portion of peptides can be transferred into a mass spectrometer for analysis. In top-
down proteomics, although intact proteins can be transferred into the mass spectrometer for

analysis, it is still not possible to elucidate the complete amino acid sequence of a protein.

In shotgun proteomics, protein identification is carried out at the peptide level, i.e.,
through peptide identification. Further, peptide identification is achieved through a database-
matching process, rather than a peptide-sequencing process. The fact that only a finite
numbers of the possible peptide amino-acid sequences actually occur in nature renders the
database-matching methodology feasible for peptide identification. An observed peptide-
fragmentation spectrum might not contain sufficient information to unambiguously derive
the complete amino-acid sequence, but it might still have sufficient information to match it
uniquely to a peptide sequence, which is theoretically predicated on the basis of the genomic
information of the proteome of interest. The current MS-based proteomics would not be
possible without the previous achievements of genomics, which provided the ‘blueprint’ of

all the possible protein sequences of a biological system.

There are several different algorithms that are used to search sequence databases with
tandem MS spectra data, including PeptideSearch (6), Sequest (5), and Mascot (7).
Correspondingly, there are a number of different techniques and strategies for peptide

identification.

MALDI-TOF can be used to identify proteins by what is known as peptide-mass
mapping or peptide-mass fingerprinting, mostly attributed to the high mass accuracy, high
resolution and sensitivity of TOF mass analyser. In this method, proteins are identified by
matching a list of experimental peptide masses with the predicated list of all peptides masses

of a comprehensive protein database.

Protein identifications using MS/MS spectra are more commonly used in shotgun

proteomics. In addition to the peptide mass, the peak pattern in the MS/MS spectrum also



provides valuable information about peptide sequence. Peptide identification is carried out
using the precursor ion m/z information and its MS/MS spectrum which are then matched
against a comprehensive protein sequence databases using an appropriate algorithm
mentioned above. For examples, in the cross-correlation method (e.g. Sequest), the observed
m/z of the precursor ion and the specificity of trypsin is used to generate a list of isobaric
peptides from the protein database. This information is generally not sufficient to match to a
single peptide. Then theoretical MS/MS spectra are generated for all of the isobaric peptide
sequences, obtained from the database, on the basis of the known fragmentation patterns of
the peptides in CAD or ECD processes (Figure 1.1.3). The overlap or “cross-correlation” of
these predicted spectra with the measured mass spectra is calculated and the one with the
best cross-correlation coefficient is considered to be the best match. Often, this will identify
the best matching peptide sequence; however this might not be sufficient to pinpoint a single
protein. Generally, multiple peptides derived from the same proteins will be analyzed and
will as a group point to a unique protein. In the “probability based matching” method (e.g.
Mascot), the calculated fragments from peptide sequences in the database are compared with
the observed peaks. A score is then calculated to indicate the statistical significance of the
match between the spectrum and the sequences contained in a database. In each of these
methods mentioned above, the identified peptides are then compiled into a protein ‘hit list’,

which is the output of a typical proteomic experiment.

High-throughput MS-based proteomic experiments involve searching large numbers
of peptide MS/MS spectra recorded with a mass spectrometer against the protein sequence
database to derive a list of identified peptides and their corresponding proteins. It should be
acknowledged that challenges exist in distinguishing the correct peptide assignments from
false identifications (28). Tremendous efforts have been devoted to tackle the issues of false
positive (a protein not present in the sample is ‘identified’) and false negative (a protein
present in the sample is not ‘identified’) results in the current MS-based proteomic
experiments (29-30). It should also be noted that only a limited number of peptide ions,
representing a small percentage of the complete amino acids sequence of a protein, are

observed and analyzed in shotgun proteomics (317).



1.1.5 Quantitative proteomics

Increasingly, proteomics has evolved into a quantitative science. Quantitative
proteomics is a powerful tool to quantify protein changes due to stimuli or to make
comparisons between healthy and disease states (/, 32-33). Relative quantification of
identified proteins allows a wider range of biological questions to be addressed by a
proteomics experiment. Currently, relative comparisons of peptide/protein abundance
between proteomic samples can be carried out with stable-isotope labeling of proteins or

peptides via chemical labeling and metabolic labeling, or label free approaches.

As shown in Figure 1.1.4, several chemical labeling techniques have been developed
for quantitative MS-based proteomics. Representative chemical labeling techniques include
enzymatic labeling of '*O atoms during protein digestion, isotope-coded affinity tag (ICAT),
and isobaric tags for relative and absolute quantification (iTRAQ). In the enzymatic labeling
approach (Figure 1.1.4a), protein digestion of one proteomic sample is carried out in '*O
water while the control is performed in normal water. '*O atoms are incorporated into the C
terminus of every N-terminal peptide produced by proteolysis (34-35). Reaction products
from '®O-labeled and non-labeled reactions are then mixed together, followed by LC-MS
analysis. The relative abundance of the treated and control samples can be measured by
comparing the peak intensities of the labeled and unlabeled peptides. Isotope-coded affinity
tags (ICAT) (Figure 1.1.4b) can be used to label proteins or peptides via a chemical reaction
with the sulthydryl group of cysteine residues (36). The relative abundance of proteins in the
treated and control samples can be measured by comparing the peak intensities of the labeled
and unlabeled peptides. Isobaric tags for relative and absolute quantification (iTRAQ) is one
of the most commonly used techniques for peptide labeling (37-39) (Figure 1.1.4c). The
1TRAQ tags react specifically with primary amine groups of tryptic peptides, e.g. N-termini
and the side chains of lysine residues. It is worth noting that all the tagged peptides remain
indistinguishable in the MS scan. The relative abundance of the normally multiplexed treated
and control samples is measured by comparing the peak intensities of the so-called “reporter

ions”, which are released in the MS/MS scan.

Recently, a method called ‘stable-isotope labelling with amino acids in cell culture’,
or SILAC, has been described (40). In this method (Figure 1.1.5), one or two amino acids
8



(typically arginine and/or lysine) are labeled with “heavy” isotopes (e.g. '*C and/or "N
atoms) and added to the growth medium, which is arginine and/or lysine deficient. Then, the
heavy isotope-labeled amino acids are incorporated into all the proteins after several cell
doublings. Potentially all protein/peptides can be labelled and the absence of any in vitro
reaction steps make the method easy to apply as well as compatible with multistage

purification procedures.

The stable-isotope labelling technologies make use of the facts that pairs of
chemically identical analytes with different stable-isotope composition can be differentiated
in a mass spectrometer owing to their mass difference, and that the ratio of signal intensities
for such analyte pairs accurately indicates the abundance ratio for the two analytes in the
complex mixture. This is because pairs of chemically identical analytes of different stable-
isotope composition have identical sample loss during processing, often co-eluted in HPLC

separation, and exhibit nearly identical ionization efficiency.

Relative peptide and protein abundance from LC-MS/MS measurements can also be
estimated with label free approaches (Figure 1.1.6). The label free quantitative proteomics
can be carried out by comparing peak area of a peptide (4/) or by counting the number of
times the MS/MS spectra of a peptide are recorded and identified (spectral counting) in
individual LC-MS runs (42). In contrast to quantitative approaches that use labeling, label
free does not require multiple samples to be combined prior to analysis. Instead, each sample
is separately prepared, and subjected to individual LC-MS/MS runs. As a result, the label
free quantitative proteomic approaches require high reproducibility among each individual
LC-MS/MS run. Nevertheless, the label free quantitative proteomic approaches have enabled

fast and low-cost measurements of protein expression level of complex biological samples.

1.1.6 Thesis objective: Proteomic reactor development

As discussed above, the shotgun proteomic approach requires the processing of
proteins into peptides before they are analyzed by mass spectrometry (/-2, 43-44). In order

to improve detection capabilities for lower abundance proteins in complex proteomic



samples, various combinations of protein/peptide separation have been explored. Improving
the ability of MS-based proteomic technologies to identify low abundance proteins from

complex mixtures is a driving force in proteomics.

For the past 30 years, gel electrophoresis has been used for protein pre-fractionation
(1D & 2D) (45-46). As the separated proteins are difficult to extract from the polyacrylamide
gel (47), they are enzymatically cleaved into peptides in the gel (48). Unfortunately,
protein/peptide loss and contamination are intrinsic limitations associated with in-gel sample
processing techniques (49). Notably, the in-gel sample processing techniques provide limited

dynamic range and are not ideal for the analysis of proteins in lower abundance (45).

Recently, gel free alternatives for the fractionation of proteins and peptides have been
proposed. These gel-free approaches rely on either solution based protein separations such as
size exclusion (50), reverse-phase liquid chromatography (57), free-flow electrophoresis
(FFE) (52-53) and 2D chromatography (54), or peptide separations (55-58). In these
approaches, the proteins are digested in a large volume of solution (in-solution digestion)
either before or after separation. Even though these gel-free approaches bypass the need for

gels, they do not address the fundamental issue of efficiency of protein processing.

Various approaches to in-solution digestion have been proposed, notably, the
approach to process proteins using immobilized trypsin in monolithic columns followed by
peptide fractionation (59-60), and that to digest proteins by absorbing them on a hydrophobic
support, followed by introducing trypsin (6/-62). However, these approaches have notable
limitations. These approaches either do not offer protein preconcentration before enzymatic
digestion or require a high amount of starting protein sample. In general, these approaches

require further development before being readily amenable to real biological samples.

MS-based proteomics must deal with a limited amount of starting materials. In
addition, it also faces other challenges such as a huge dynamic range of protein concentration.
As such, the systematic identification and quantification of lower abundance proteins, often

with more biological significance, still remains elusive.
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We hypothesized that miniaturization of protein processing will improve recovery
and reduce sample losses. This will lead to more proteins identified per sample and the
improved ability to process minute amounts of samples. This thesis presents the development
of a microfluidic device, termed the proteomic reactor to simplify and improve the
processing of proteomic samples. Compared to other in-gel or gel free protein
digestion/separation techniques, proteomic reactor techniques require a significantly smaller
amount of starting protein samples but are still capable of identifying a comparable amount
of proteins. By minimizing sample loss and improving the protein digestion efficiency during
the sample processing processes, the proteomic reactor techniques can increase the depth and
breadth of proteome coverage and identification confidence, and therefore increase the
possibility of identifying lower abundance proteins. As the total time to process protein
samples using the proteomic reactor techniques is relatively short (~2 hours) in comparison
to other protein digestion methodologies, the proteomic reactor approaches can also increase
the throughput for processing complex biological samples, which is necessary for large scale

analysis of proteomes.

In this thesis, we developed SCX proteomic reactor (chapter 3.1), SCX 96-well plate

proteomic reactor (chapter 3.2) and SAX proteomic reactor (chapter 3.3).
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1.2 MS-based Lipidomics
1.2.1 The general picture

We know that lipids play many important roles in cells such as cellular structural
support, energy storage, and signal transduction (63-64). Also, recent research points to the
vital roles that lipids may have in Alzheimer disease (65), cancer (66-67), inflammation and
cardiovascular diseases (68), male infertility (69) and other diseases. Glycerophospholipids,
for example, form the largest lipid subclass by mass, and they are important components of
biological membranes in which they modulate membrane trafficking (70-71). Furthermore,
some of their metabolites, such as platelet activating factors, are powerful intracellular
signalling molecules (72). These metabolites can induce a broad range of biological
responses (73), including the progression of neurodegeneration (74-75). Although the study
of lipids is not new, their global quantitative study is more recent. The term lipidomics was

thus coined to define the global study of the lipid components of cells, tissues or organisms.

Certain challenges still remain in lipidomics. First, in contrast to genomics and
proteomics, there is no information that can predict the number of individual lipids present in
an organism. Second, despite its rapid advancement, current technology still cannot
exhaustively map lipidomes; thus an emphasis on developing mapping techniques is needed.
Third, the structural identification of lipids by mass spectrometry, via the gas phase
fragmentation of lipid ions, is complicated; thus, a means to solve this problem is vital for
structural identification. Fourth, given the diversity in lipid classes, it is not possible to
accommodate all classes with a common method for extraction, chromatography, and
detection. In the following section, we review recent developments in the field of lipidomics

with an emphasis on phospholipids.

1.2.2 Structural diversity of lipids

The structural diversity of lipids, and the fact that their structure cannot be predicted
a priori, 1s a serious challenge to the field of lipidomics. Eukaryotic cells provide an

excellent example of the structural complexity of lipids. Lipid can be broadly classified
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under eight classes: Fatty acyls, sterol lipids, prenol lipids, saccharolipids, polyketides
sphingolipids, glycerolipids, and glycerophospholipids. Glycerophospholipids and
sphingomyelins are two common structural classes of phospholipids (76). The research in

this thesis involves primarily glycerophospholipids.

Typical glycerophospholipids (Figure 1.2.1) consist of a glycerol backbone, a radyl moiety
(acyl ester, alkyl ether, or vinyl ether) at the sn-1 (stereospecific number) position, an acyl
ester at the sn-2 position, and a polar head group attached to the sn-3 position through a
phosphodiester linkage. The common polar head groups in glycerophospholipids include
choline, ethanolamine, inositol, serine, and glycerol. Correspondingly, the
glycerophospholipid classes are: the glycerophosphocholines (PC),
glycerophosphoethanolamines (PE), glycerophosphoinositols (PI), glycerophosphoserines
(PS), and glycerophosphoglycerols (PG), with each class containing a different type of polar
head group, while glycerophosphates (PA) have a hydrogen rather than a polar head group
attached to the phosphate. Figure 1.2.2 shows the representative structures of
glycerophospholipids. Lyso variants of glycerophospholipids can also be formed if a radyl
moiety is missing at either the sn-/ or sn-2 position. Platelet activating factors (PAF) are a
special subclass of phosphatidylcholines (PC), with an ether alkyl at the sn-1 position and an
acetyl at sn-2 position (77).

In addition to a variety of polar head groups, phospholipids contain fatty acyl
moieties with different chain lengths and different numbers of double bonds on different sites.
The identification of a glycerophospholipid involves determining its polar head group, its
radyl groups at both sn-1 and sn-2 positions, and, ideally, the locations of (possibly multiple)
carbon-carbon double bonds on each radyl moiety. Unfortunately, due to the extraordinary
structural diversity of phospholipids, the complete identification of all species in lipid
extracts obtained from cell or tissue samples has not yet been accomplished. The full
identification of species thus remains a challenging task, especially considering the fact that

some lipid species are present in low abundance.
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1.2.3. Structure elucidation of glycerophospholipids

To delineate lipid structure characteristics, the lipidomics field has benefited from the
technical developments established in proteomics. However, as discussed in chapter 1.1.4,
protein identification is mostly a “matching” process: the amino acid sequences of some
peptide fragments of a protein are determined by mass spectrometry, and the obtained
information is used to search against a library that contains all the possible protein sequences
predicted by the genomic information of the biological system (5-7). Normally the matching
of the amino acid sequences of one or two peptides to those of a protein in the library is
sufficient to unambiguously “identify” the protein. In contrast, lipid identification is a “de
novo” process, where the structural elucidation of a lipid species is based on the
interpretation of MS-derived structural information. It is also a “top-down” approach, where
the identification process is required to be carried out on intact lipid species (78-79). As
lipids are subject to CAD, structural information on all parts of the lipids (including both the
head group and fatty acyl chains) are required for a complete elucidation of the lipid
structure. Therefore, it is crucial to have the lipids in their native, unmodified state to allow
accurate structure elucidation of the lipids species of interest. However, lipid species are
subject to modifications or degradation (i.e., oxidation and hydrolysis) prior to MS analyses
(80). As a result, lipidomics faces the challenge of decoding as much information as possible
about the different lipid moieties to allow a non-biased and true identification of the original

structure of lipids.

In the process of glycerophospholipid identification (Figure 1.2.3), a MS scan is first
employed to determine the m/z of each lipid species. Typically, lipids will only carry one
charge. Greater mass accuracy translates into more accurate prediction of the atomic
composition of the lipid. In the second stage, individual lipids are subjected to dissociations
attributed to ion activation. Although low-energy CAD has been extensively applied for lipid
studies, high-energy CAD and electron transfer dissociation (ETD) have also been employed
(81-82). The fragmentation patterns normally reveal information on the lipid polar head
group and its acyl chain moieties. Depending on the polar head group of a lipid species, it
can be ionized more efficiently under either positive (protonated) or negative (deprotonated)

electrospray ionization. A lipid can also be adducted by a cation (e.g., Na') or an anion (e.g.,
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CI') and then studied under positive or negative ion mode, respectively. As will be discussed
later, using a triple quadrupole mass spectrometer, precursor ion scan and neutral loss scan
enable the identification of a specific lipid species from a complex mixture by monitoring its
specific diagnostic fragments. In a precursor ion scan, while Q1 is scanned, Q3 is fixed to
monitor a specific fragment ion; in neutral loss scan, both QI and Q3 are scanned in a
synchronized manner with a constant mass difference in m/z between Q1 and Q3, to monitor
the loss of a neutral moiety during fragmentation (83-84). The characteristic fragment can be

associated with either a polar head group or a fatty acyl moiety.

1.2.3.1 ESI-MS/MS of protonated glycerophospholipids

Glycerophospholipids (i.e., GPCho, GPEtn, GPSer, and their lyso derivatives) have
been previously analyzed by positive ESI-MS/MS (85-86). The fragmentation of protonated
GPCho and lyso-GPCho ions yield a peak at m/z 184, the diagnostic fragment for the
phosphocholine head group (87). The precursor ion scan of m/z 184 highlights
phosphocholine-containing lipids (GPCho and sphingomyelin) out of all the lipids present in
a MS scan. Fragmentation of protonated GPEtn ([M+H]") yields a peak at [M+H-141]"
corresponding to the neutral loss of the phosphoethanolamine head group. Similarly, a peak
at [M+H-185]"in a tandem mass spectrum can be used to confirm the presence of protonated
GPSer ([M+H]"), which loses its phosphoserine head group during CAD. Overall, strategies
that combine survey scan, precursor ion scans and neutral loss scans can help in the
unambiguous determination of the molecular weights and the head group composition of
phospholipids. Although positive ESI-MS/MS has been widely used for lipid studies, one of
its limitations is that not much information pertaining to the fatty acyl constituents can be
revealed from the fragmentation pattern. Alternatively, negative ESI-MS/MS and positive
ESI-MS/MS with metal ion adduction have been employed to elucidate lipid structure. This

will be discussed in the following sections.
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1.2.3.2 ESI-MS/MS of deprotonated glycerophospholipids

GPEtn, GPIns, GPSer, GPGro, GPA, and their lyso variants can all be detected by
negative ESI-MS/MS (86, 88-96). This approach is very powerful in elucidating the structure
of glycerophospholipids. Compared to its positive counterpart, negative ESI-MS/MS yields
fragmentation patterns with a wealth of structural information on the polar head groups and
the fatty acyl constituents of phospholipids. Fragmentation of GPEtn anions ([M-HJ)
generates fragments at m/z 140 and 196, both of which correspond to the polar head group of
GPEtn (92). As deprotonated GPIns ([M-H]") are subject to CAD, a peak corresponding to
the dehydrated GPIns head group is observed at m/z 241. Similarly, PtdInsP and PtdInsP,
can be identified by precursor ion scans of m/z 321 and 401, respectively, under negative ion
mode (94, 97). The fragmentation of deprotonated GPGro yields a head group specific
fragment at m/z 171 (96). GPSer anions ([M-H]) is identified by a peak at [M-H-87]", which
corresponds to the neutral loss of the serine head group (95). A fragment at m/z 153
([Glycerophosphate-H,O]") is detected in the fragmentation spectra of all phospholipid

species under negative ion mode.

Low-energy CAD of glycerophospholipids under negative ion mode also yields

fragments decoding structural information on the fatty acyl constituents at the sn-1/sn-2

positions. These fragments include the carboxylate anions ([R COO] (x=1, 2)), ions arising
from the neutral loss of fatty acids ([M — H — R COOH] (x=1, 2)), and ions due to neutral

loss of the fatty moieties as ketene ([M — H — R.CH = C = O] (x=1, 2)) (92-96).

It has been found that in a low-energy CAD process, the loss of fatty acyl chains from

the sn-2 position is sterically more favourable than that from the sn-1 position. As a result,
the abundances of the [M — H — R,COOH] and [M — H — R,CH = C =0] ions are greater
than those of the [M — H — RCOOH]| and [M —H — R/CH = C = O] ions. However, as the

major fragmentation pathways differ among different lipid species, the relative abundance of

the carboxylate anion [R,COO]" with respect to [R,COO]" changes. For GPEtn and GPGro,
the abundances of [R,COO] ions are greater than [R,COO] ions (92, 96). For GPIns, the

carboxylate anions [R,COO] and [R,COO] are generated due to direct dissociation from
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the glycerol backbone, and also due to the further dissociation of fragment
ions [M —H —R COOH] , [M —H—-R,CH =C=0] and [M - H - R COOH —inositol] ,
which are affected by the collision energy applied. Thus, the relative abundance of the
carboxylate anions [R,COO] and [R,COO] for GPIns depends on the collision energy
applied (94). For GPA, the major pathway that leads to the formation of the carboxylate
anions [RCOO] and [R,COO] is the fragmentation of [M —H —-R,COOH]| and
[M -H-RCOOH] , respectively. As a result, the higher abundance of
[M —H—-R,COOH] 1ions leads to higher abundance of [R,COO] ions (93). As GPSer is

subjected to low-energy CAD, it first loses the serine head group to generate [M-H-87] ions.
The fragmentation patterns of [M-H-87] ions are virtually identical to those of the

corresponding GPA (95).

1.2.3.3 ESI-MS/MS of metal ion adducted glycerophospholipids

The fragmentation of lipids can be modified by changing the counter ion present in
solution. In particular, alkali metal ions (e.g., Li", Na” and K") have been commonly used for
adducting phospholipids (90, 98-100). As these metal ions adducted glycerophospholipids
are subject to CAD, their fragmentation patterns reveal information on the polar head groups
and the fatty acyl constituents. The fragmentation of sodiated GPCho and sphingomyelin
both generated a sodiated five-member cyclophosphane at m/z 147, and a product ion at
[M+Na-59]" due to the neutral loss of trimethylamine N(CH3)3, both of which are diagnostic
fragments of the phosphocholine head group. In the tandem mass spectra of lithiated GPCho,
abundant product ions can be found at [M+Li-59]" (neutral loss of trimethylamine N(CH3)3),
[M+Li-183]" (neutral loss of cyclophosphane), and [M+Li-189]" (neutral loss of lithium
cyclophosphane) (87). It has been observed that the most prominent ion is [M+Li-183]" for
lithiated diacyl-GPCho, whereas the most high abundance ion is [M+Li-59] for lithiated
plasmenyl-, plasmanyl- and lyso-PCs (/07-102). CAD of lithiated GPEtn yields fragment
ions associated with the polar head group, including ions at [M+Li-43]" (neutral loss of

aziridine (CH,CH,NH)), [M+Li-141]" (neutral loss of phosphoethanolamine head group),
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[M+Li-147]" (neutral loss of lithium phosphoethanolamine head group), and m/z 148
(phosphoethanolamine head group) (/00). The CAD analyses of GPSer as lithiated adducts
yield diagnostic fragments of phosphoserine as a lithium salt at m/z 192 (95). In addition to
structural information on the polar head groups, structural information pertaining to the two

fatty  acyl = moieties can also be  revealed from = product  ions
like[M — H + Met — R COOH] and [M — H + Met — R.CH = C = O] (x=1 ,2), arising from

the loss of fatty acyl moieties as fatty acids or alkenes, respectively.

Metal ions such as Sr2+, Ba2+, Mn2+, C02+, Ni2+, Cu2+, and Zn>" have been also used to
adduct phospholipids (99). The fragmentation spectra of these ions also decode information
on the polar head groups of phospholipids, and their fatty acyl chain moieties
([M —-H+Met—R COOH] ,[M —H +Met—R.CH=C=0] ). Cobalt(Il) ion complexes
of GPEtn and GPSer yield [M — H + Met — RCOOH] ions with higher abundance than
[M — H + Met — R,COOH] ions, whereas cobalt(Il) adducted GPGro fragmentation patterns
generate  [M —H+Met—R,COOH]"  ions  with  higher = abundance  than

[M — H + Met— RCOOH] 1ions. The information on abundance ratios could be used to

determine the stereospecific positions of the two fatty acid substituents. Chlorine adduct has
also been reported for the identification of the fatty acyl substituents of GPCho in negative
ESI-MS/MS (98, 103). In conclusion, glycerophospholipids with different adduct formations
generate lipid-specific fragmentation signatures that allow unambiguous identification of the

lipid species of interest.

1.2.4 Glycerophospholipid identification by multiple precursor ion scans and neutral

loss scans

Strategies that combine survey, product ion, precursor ion, and neutral loss scans can
be employed for the study of the lipidome. A product ion scan records all fragment ions
generated during CAD, including fragment ions relevant to the polar head groups and the
fatty acyl moieties. Precursor ion scan and neutral loss scan each monitor a specific

fragmentation reaction (i.e., whether a specific diagnostic fragment is generated (charged) or
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lost (uncharged)). Compared to product ion scan, precursor ion and neutral loss scans have
the capability of identifying a lipid species that contains a specific diagnostic moiety (e.g., a
polar head group or a fatty acyl moiety) from a complex mixture. On the other hand,
precursor ion and neutral loss scans could not make full use of many other fragment ions that
are helpful in lipid structural elucidation. The combination of multiple precursor ion scans
and neutral loss scans would enable simultaneous monitoring of multiple fragmentation
reactions. This allows the identification of multiple diagnostic fragments from a complex

mixture of product ions for lipid structure elucidation (83-84, 104-107).

A two-dimensional ESI-MS/MS analysis of lipid extracts has been reported using
multiple precursor ion and neutral loss scans under either positive or negative ion mode
(108). This strategy made possible the identification of isobaric peaks, and the determination
of the regiospecificity of individual lipid species. If multiple precursor ion and neutral loss
scans are carried out on a triple-quadrupole mass spectrometer, each scan must be performed
one at a time, due to the path stability selection adopted by a triple-quadrupole mass
spectrometer. However, if the multiple scans are carried out on a hybrid quadrupole time-of-
flight (TOF) mass spectrometer with ion trapping capability (e.g., QSTAR Pulsar), all modes
may be performed simultaneously due to the non-scanning acquisition of TOF mass
analyzers. It has been reported that the hybrid quadrupole time-of-flight (TOF) mass
spectrometer allows the simultaneous acquisition of 41 precursor ion spectra, which decode
information on specific lipid classes and common fatty acyl chain moieties (/07). The high
mass accuracy and high resolution of TOF analyzers are very helpful in determining the

atomic composition and hence the structure of a lipid species.

1.2.5 Glycerophospholipid identification by multiple stage tandem mass spectrometry

Structural information revealed by tandem MS alone could not always provide
adequate information to identify a lipid species unambiguously. In many cases, the lipid
species of interest are complex and/or the determination of very specific information on a
fatty acyl chain is required (e.g., double bond location). Thus, multiple stage tandem MS

could be applied to tackle such structural information. Hsu et al. characterized the structure
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of cardiolipin using negative ion mode with multiple stage quadrupole ion trap MS. The
MS>-spectra of the phosphatidic anions provided critical information on the identity of the
fatty acyl substituents and their stereospecific position (/09). Hsu et al. also determined the
double bond position along the fatty acyl group of glycerophospholipids using multiple-stage
MS (710). In another work, Hsu et al. employed multiple stage MS to differentiate 1-O-alk-
1"-enyl-2-acyl-, 1-O-alkyl-2-acyl- and diacyl-glycerophospholipid molecules from each
other based on the MS® or MS" spectra of their [M — H — R,COOH — headgroup] ions.
These ions arise from the consecutive losses of the fatty acid substituents at the sn-2 position,
and their respective polar head groups from the [M-H] ions (/7). It has been also reported
that isobaric lyso-GPCho and PAF can be effectively identified by MS® on a QTRAP mass
spectrometer (/12).

1.2.6 Characterization of the fatty acyl constituents of glycerophospholipids

Under both positive and negative ESI-MS/MS, glycerophospholipid fragments yield
product ions allowing relatively easy elucidation of their polar head groups. The
characterization of the two fatty acyl moieties at the sn-1/sn-2 positions, however, poses
challenges. The structural information relevant to the fatty acyl chains can only be revealed
under negative ion mode ESI or positive ion mode ESI with metal ion adduction. In
eukaryotes, the fatty acids at the sn-2 position of glycerophospholipids are always linked to
the glycerol backbone through an ester bond. The fatty acids at the sn-1 position can be
attached via an ester linkage (diacyl-GP), an alkyl ether linkage (1-alkyl, 2-acyl-GP), or a
vinyl ether linkage (plasmologens). For the complete identification of a glycerophospholipid,
the following information pertaining to the fatty acyl chains is needed: (i) the chain length of
the two fatty acyl moieties, and the total number of carbon double bonds in each chain; (i)
the assignment of the two fatty acyl moieties to sn-1/sn-2 position (for diacyl-GPs); and (i)

the location of the polyunsaturated carbon double bonds on each acyl moiety.

The molecular weight of a phospholipid can be determined precisely by a survey scan.
The polar head group of a phospholipid can be identified by carrying out a precursor ion scan

or a neutral loss scan as discussed above. The sum information of the two fatty acid chains
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(i.e., the length of the two fatty acyl chains at the sn-1 and sn-2 positions, and the total
number of double bonds) can thus be decoded. However, a number of combinations of
different fatty acyl moieties could all add up to the same molecular weight, leaving the
length of each fatty acyl chain, and the number of double bonds on each fatty acyl moiety

undetermined. Using negative ESI-MS/MS, a variety of fragment ions relevant to the two

fatty acyl moieties can be observed. These include carboxylate anions[R COOT, as well as
[M-H—-RCOOHT and [M —H—R,CH =C=0] ions. The latter two ions arise from
the loss of one of the two fatty acyl moieties. These fragment ions reveal critical structural
information relevant to the fatty acyl constituents, and allow the unambiguous determination
of the length of each fatty acyl moiety and the total number of double bonds on each acyl
chain (92-96, 113). Under positive ion mode ESI, the fragmentation of metal adducted
glycerophospholipids also yields fragment ions corresponding to their polar head groups and
fatty acyl moieties ([M — H + Met—R COOH]| , [M —H + Met—R.CH =C=0] ). This

permits the unequivocal characterization of the fatty acyl moieties (98-99).

The use of MS to determine the regiospecificity of the two fatty acyl substituents of
diacyl-glycerophospholipids has been attempted (/73-114). As discussed earlier, it appears
that under low-energy CAD the [R,COO] /[R,COO] abundance ratio follows certain rules
for some diacyl-glycerophospholipids, and this information has been used to determine the
positions of the two fatty acyl chains (92-94, 96). Such attempts have also been made on the
basis of fragmentation patterns of glycerophospholipids adducted with certain metal ions,
where the relative abundance of ions corresponding to the loss of the fatty acyl moiety at sn-

1/sn-2 positions has been used to assign the positions of the two fatty acyl substituents (9§-
99, 115). However, it has been observed that the [RCOO] /[R,COO] abundance ratio

recorded from the fragmentation of GPIns under negative ion mode is affected by the

collision energy applied (94). Detailed studies on the effect of collision energy on the
[R,COO] /[R,COQO] ratio for phospholipid species have been carried out by Hvattum et al.
These results reveal that as the collision energy increases from 15 to 70 ev, the abundance of
[R,COO] 1ons increases from lower to higher than the abundance of [R,COO] ions for
GPCho, GPEtn, and GPIns (/176). It is therefore clear that the collision energy applied plays

21



an important role during the CAD of glycerophospholipids. Other factors, such as the chain
length and the number of double bonds of the fatty acyl moieties should also be taken into
consideration. Overall, the assignment of the two fatty acyl chain positions based on the

abundance ratio of a specific pair of ions is still under scrutiny.

1.2.7 Glycerophospholipid identification with or without separation

Ideally the identification of a lipid species using ESI-MS/MS should be carried out
without interference from other lipid species, as the presence of fragment ions from those
impurities could mislead the identification. Lipid extracts from biological samples are
complex mixtures. The identification process is, thus, almost always carried out in the
presence of other lipid species. As a result, glycerophospholipids can be identified to
different extents as discussed above, depending on the complexity of the sample and the

separation techniques applied.

Lipid extracts can be directly infused into a mass spectrometer without front-end
separation through ESI, followed by lipid identification by tandem MS (86, 88, 103, 117).
One issue associated with direct infusion is the ionization suppression of lipid species with
low 1onization efficiency. As a result, the detection of these lipid species becomes extremely
difficult, especially if they are present in low concentrations in lipid extracts (97, 118). If a
complex mixture of lipid species is analyzed using direct infusion, a single peak in a survey
scan could represent several isobaric lipid species (86). CAD of such precursor ions would
generate a mixture of fragmentation patterns from several lipid species, making the

identification process extremely difficult/impossible.

A technique called intra-source separation has been introduced to perform total
cellular lipidome analyses by direct infusion of crude lipid extracts without front-end
chromatographic separation (83, 106, 108). By employing both positive and negative ion
mode, as well as adjusting the pH of the lipid extract, anionic lipids, weak anionic lipids and
neutral polar lipids can be preferentially ionized under different experimental conditions.

Therefore, intra-source separation of different lipid classes is achieved. Intra-source
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separation in combination with multiple precursor ion scans and neutral loss scans has
enabled the unambiguous identification of complex lipid extracts (83, 108). However,
precaution must be taken in dealing with isobaric lipid species, and in correcting isotopic

peak intensities.

The coupling of HPLC with ESI-MS/MS is the most frequently used technique for
lipidomic analysis, and the majority of reports on MS-based lipidomics rely on online or
offline separation of lipids (63, 85, 113, 119-120). Normal-phase HPLC generally separates
phospholipids based on the polarity of their head groups; whereas reverse-phase HPLC
separates phospholipids based on the hydrophobicity of their fatty acyl chains (/73). In RP-
HPLC separation, the order of elution in a class of lipid is related to the length of the fatty
acyl chain. Lipids containing shorter fatty acyl chains elute faster than those with longer ones.
Furthermore, the higher the degree of unsaturation, the faster the lipid elutes (//3). Direct
infusion ESI-MS/MS is incapable of resolving isobaric glycerophospholipids with different
fatty acyl chain composition. However, these isobaric glycerophospholipid species can be
resolved and identified with the application of reversed-phase HPLC (7//3). Despite the
concerns of potential sample loss during liquid chromatography separations, ESI-MS/MS
integrated with front-end separation has become the method of choice in MS-based

lipidomics.

1.2.8. Lipid quantification

In the lipidomics field, MS is employed not only for qualitative analyses (i.e., lipid
structure elucidation) but also for quantitative purposes (i.e., measuring the absolute
concentration of lipid species or the relative abundance of a group (class) of lipid species in
complex mixtures) (86, 90, 103, 121-122). Unlike the field of quantitative proteomics where
several quantitative techniques have been well established and broadly accepted, a general
consensus is yet to be reached for the most appropriate lipid quantification approach.
However, adding lipid standards prior to MS analysis is a general practice (Figure 1.2.4).
The quantitative analysis of a lipidome is generally divided into global and targeted

lipidomics. Global lipidomics allows the identification and relative quantification of
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numerous molecular lipid species across multiple structural classes in total lipid extracts.
This strategy includes shotgun lipidomics, which utilizes direct infusion of lipid extracts into
a mass spectrometer (83, /23), and LC-MS/MS (113, 124). In global lipidomics, normally a
variety of lipid standards are spiked in to cover a relatively broad spectrum of lipid species.
Precursor ion scan and neutral loss scan are widely adopted MS techniques for global
quantitative lipidomics. Targeted lipidomics, on the other hand, permits the quantitative
analysis of a single lipid species or several lipids within a specific lipid class (/25-126). In
comparison to precursor ion scan and neutral loss scan, selected reaction monitoring (SRM)
can provide exclusive sensitivity and accuracy for targeted quantitative analysis of lipid

species of interest.

It should be noted that the instrument response varies between different classes of
lipids (/18). In addition, identical lipid species exhibit different behaviours when analyzed
using different types of mass spectrometers or when analyzed using the same mass
spectrometer under different experimental parameters (80, 127). Therefore, the relative
intensities of signals corresponding to different lipid species in a mass spectrum do not
directly reflect their molar abundances and concentrations. It has been documented that as
glycerophospholipids are analyzed by ESI-MS, the instrument response decreases with
increasing fatty acyl chain length, and increases with increasing degrees of acyl chain
unsaturation (86, 118). It is also impractical to use mass spectrometry to directly estimate the
relative abundance of different phospholipid subclasses due to the difference in the
ionization efficiency of their polar head groups (//8). The gross estimation of the relative
abundance of lipid species within a specific phospholipid subclass is less problematic,
provided the responses of all the lipid species are normalized with appropriate internal
standards (/28-129). Specifically, when using direct infusion ESI-MS (including intra-source
separation), the peak intensity is proportional to the concentration of a lipid species in a
mixture. However, when front-end separation is applied (e.g., GC or LC), the integrated peak
area of a lipid species is generally considered to be proportional to its quantity present in a

complex mixture.
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1.2.8.1 Absolute lipid quantification

The absolute quantification of specific lipid species relies on the availability of their
synthetic lipid standards in non-labelled or isotopically-labelled forms. This strategy is
applicable to a limited number of lipids in complex mixtures (77, 121). The absolute
concentration of lipids can be determined by standard addition methods. In brief, known
amounts of standards of the target lipid are sequentially spiked in the complex mixture. The
respective MS responses are used to determine the original concentration of the lipid species
of interest (77, 121). The absolute concentration of a lipid species can also be determined by
spiking in known amounts of lipid standards labelled with stable isotopes (stable-isotope
dilution) (/30). The isotopically-labelled lipid standard and its normal counterpart exhibit
identical responses in mass spectrometers as they have identical physiochemical properties.
Therefore the original concentration of the target lipid species can be determined by

comparing the peak heights or peak areas of the paired heavy and normal lipids.

1.2.8.2 Relative lipid quantification

In many cases, comprehensive lipid profiling between wild and mutant, basal and
stimulated, and normal and disease samples is required (84, 88, 129). Mass spectrometry is
the method of choice to tackle this daunting task. This approach requires comparison of
multiple MS analyses using different scan modes. Fluctuations in signal intensity due to
variations in lipid extraction, sample preparation and sample analysis can be an issue, as each
sample is individually processed. Fortunately, non-naturally occurring lipid standards can be
spiked into the samples at different stages of sample processing, which facilitates the
correction of signal intensity. As the ionization efficiency of different glycerophospholipids
differs significantly, normally at least one lipid standard belonging to each phospholipid
subclass is spiked into samples to serve as internal standards for its respective subclass.
When the analytical strategy includes both positive and negative ESI-MS, lipid species that
can be detected in both positive and negative modes (i.e., GPEtn and GPSer) are chosen as

internal standards for normalization (88).

25



1.2.8.3 Stable isotope labelling through metabolism

Isotopic labelling is also employed for the relative quantitation of a lipidome, and for
tracking the fate of lipids via different metabolic pathways (72). Appropriate chemicals
labelled with stable isotopes are introduced into the growth medium during cell culture, and
depending on the target metabolic pathway, either all or a fraction of the lipids are labelled.
For instance, Ekroos et al. cultured cells with °C labelled glucose for 24 hours; the lipid
extracts from these cells contained a mixture of isotopically labelled endogenous lipids,
providing a comprehensive internal standard for quantitative profiling of phospholipids (84).
Delong et al. introduced ethanol-1,1,2,2-ds-amine (D4-ethanolamine) and choline chloride-
(trimethyl-dy) (D9-choline chloride) into the cell culture medium to distinguish the metabolic
product GPCho from different metabolic pathways (/28). Wenk et al. metabolically labelled
mouse neuronal cells with [*H]Jinositol to profile lipids involved in intracellular signalling
(97). Hence, stable isotopic labelling through metabolism is a promising approach for the

relative quantitation of lipidome.

1.2.9 Thesis objectives in lipidomics

1.2.9.1 Development of a nanoflow rate HPLC-ESI-MS/MS methodology for the
analysis of Platelet Activating Factor (PAF) family and lyso-glycerophosphocholine
(LPC) lipids

The PAF subclass of glycerophospholipids are purported to be key mediators of
neuronal differentiation and neuronal cell death in vitro and in vivo (74, 131-138). Signaling
is isoform-specific. Differences in the sn-1 carbon chain length and degree of saturation
determine whether activation of the PAF G-protein coupled receptor (PAFR) is cytotoxic or
cytoprotective (/39-142). However, it is not known whether specific PAF subspecies are
preferentially generated over the course of neuronal differentiation or neurodegenerative

disease.
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Even though direct infusion approaches (without front-end LC separation) have been
employed to study Platelet Activating Factor (PAF) family and /yso-glycerophosphocholine
(LPC) lipids, lipid species having low ionization efficiencies are difficult to analyze by this
method. As a result, the direct infusion approaches are not ideal for studying the PAF and
LPC lipid species, both of which are present in low concentrations (97, 118). Coupling of
reversed-phase HPLC (7//3) with ESI-MS/MS has been used for lipidomic analysis.
However, to the best of our knowledge, the liquid chromatographic separations of lipid
species for the published studies were performed at a higher flow rate (e.g., pL/min), and

therefore these methods required relatively larger starting materials.

We hypothesized that the nanoflow HPLC-ESI-MS/MS technology, which is
commonly used in proteomics, could be adapted for quantitative lipidomic profiling of PAF
and LPC lipid species. We expect that the nanoflow HPLC-ESI-MS/MS could be used to
improve the sensitivity and deepen the range of detection for the PAF/LPC family lipids.

In this thesis, we developed a nanoflow rate HPLC-ESI-MS/MS method for the
analysis of Platelet Activating Factor (PAF) family and /yso-glycerophosphocholine (LPC)
lipids. This method was applied to the undifferentiated and differentiated PC12 cells. The
PC12 cell has been widely used as model for neural differentiation, where the PAF subclass
of glycerophospholipids is implicated. This method was further applied to the posterior-
entorhinal cortex of individuals with Alzheimer’s disease, TgCRNDS transgenic mice
expressing mutant human amyloid precursor protein, and human hNT neurons directly
exposed to soluble A4, oligomers, to study whether specific PAF/LPC subspecies are

preferentially generated over the course of neurodegenerative disease.

1.2.9.2 Development of MS-based methodology for determining the stereospecificity of
diacyl glycerophospholipids

For the complete identification of a glycerophospholipid, the information pertaining
to the fatty acyl chains, such as the chain length of the two fatty acyl moieties and the total

number of carbon double bonds in each fatty acyl chain is needed, in addition to information
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about the polar head group. For diacyl glycerophospholipids, the assignment of the two fatty

acyl moieties to sn-1/sn-2 position is required.

Previous studies on a limited number of standard diacyl glycerophospholipids
revealed that the relative abundance of the fatty acyl anions and the lyso-form fragment ions,
which resulted from the neural loss of the two fatty acyl moieties, is associated with their
stereospecific position when they are subjected to fragmentation (87, 92-96, 98-100, 102).
Using MS to determine the regiospecificity of diacyl-glycerophospholipids under negative
ion mode has been demonstrated with a number of lipid standards (/73-114). Of note, for
diacyl glycerophosphoinositols (PI), however, the relative abundance of the two fatty acyl
anions recorded under negative ion mode depends on collision energy and the characteristics
(e.g. length and number of double bonds) of the fatty acyl moieties (94). As such, it is still
not feasible to use MS-based approaches to determine the stereospecificity of diacyl

glycerophospholipids in real biological samples.

Shotgun lipidomic approaches usually analyze lipid extracts with very little, if any,
pre-purification (83, 106, 108). Consequently, interference can arise from the presence of
other isobaric species, or from lipid species with a molecular ion mass that is encompassed
by the isolation window preceding fragmentation. As a result, the peak intensities of some
fatty acyl anions of interest can be the sum of contributions from more than one lipid species.
It is therefore almost impossible to make correct positional assignments using MS techniques
that look only at fatty acyl anions while neglecting lyso-form fragment ions, especially when
dealing with complex mixtures. In order to exclusively identify glycerophospholipids, it is
desirable to include the fragment ions that can provide connections between the fatty acyl
moieties and their respective molecular ions. However, to date the structural information
pertaining to the lyso-form fragment ions has not been fully exploited for the purpose of

determining the stereospecificity of diacyl glycerophospholipids.

In this thesis, we developed a novel methodology to fully determine the
stereospecificity of diacyl PA, PS, PG, PI, and PE. This methodology is based on the
structural information derived from both the acyl anions and the lyso-form fragment ions
from MS/MS spectra obtained using a hybrid quadrupole time-of-flight (QqTOF) mass
spectrometer. We first examined a variety of diacyl glycerophospholipid standards with
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different fatty acyl chain compositions, including PA, PS, PG, P, and PE, over a wide range
of collision energy. Using the developed novel methodology, we then further analyzed the

fatty acyl compositions of glycerophospholipids in lipid extract from a real biological sample.
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Figure Captions

Figure 1.1.1 Bottom-up and top-down proteomic approaches. (a) Bottom-up proteomic
approach. A mixture of proteins is normally enzymatically cleaved into peptides, which are
then separated using high performance liquid chromatography, prior to being analyzed by

MS. (b) Top-down approach. Proteins are not enzymatically digested prior to MS analysis.

Figure 1.1.2 Electrospray ionization (ESI). Peptides are introduced to the electrospray tip
as the eluent flow from HPLC. A high voltage is applied between the electrospray emitter
and the orifice of the mass spectrometer, resulting in the formation of a Taylor cone at the
end of the emitter and forcing the ejection of positively charged droplets from the emitter
towards the orifice of the mass spectrometer. As the droplets traverse the space between the
emitter and the orifice, solvent evaporation occurs. The droplet continues to shrink until it
reaches the “Rayleigh limit”, at which point the surface tension can no longer sustain the
charge and a “Coulombic explosion™ occurs. As a result, the droplet is ripped apart. The
Coulombic explosion results in smaller droplets, which can repeat this process, as well as
isolated peptide ions. (The figure is modified based on

http://www.chm.bris.ac.uk/ms/theory/esi-ionisation.html).

Figure 1.1.3 CAD and ECD cleave on different bonds. CAD cleaves the peptide bond and
results in b ions when the charge is retained by the amino-terminal fragment, or y ions when
it is retained by the carboxy-terminal fragment. ECD cleaves the N-Ca bond and results in ¢
ions when the charge is retained by the amino-terminal fragment, or z ions when the charge
is retained by the carboxy-terminal fragment. (This figures only indicates the bonds cleaved

by CAD and ECD, but not represent the real structures of the fragments ions)

Figure 1.1.4 Quantitative proteomics: stable-isotope labeling of protein/peptide via
chemical labeling. (a) Enzymatic labeling. Enzymatic digestion of one proteomic sample is
carried out in '*O water while the control is performed in normal water. '*O atoms are
incorporated into the C terminus of every N-terminal peptide produced by proteolysis. The

relative abundance of the labeled and unlabeled peptides in the treated and control samples
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can be measured by comparing the peak intensities in the MS scan. (b) Isotope-coded
affinity tags (ICAT). ICAT tags are used to label proteins or peptides via a chemical
reaction with the sulfhydryl group of cysteine. The relative abundance of the labeled and
unlabeled peptides in the treated and control samples can be measured by comparing the
peak intensities in the MS scan. (c¢) Isobaric tags for relative and absolute quantification
(iTRAQ). The iTRAQ tags react specifically with primary amine groups of tryptic peptides
(e.g. N-termini and the side chains of lysine residues). The relative abundance of the
multiplexed treated and control samples is measured by comparing the peak intensities of the

so-called “reporter ions” in the MS/MS scan.

Figure 1.1.5 Quantitative proteomics: stable-isotope labelling with amino acids in cell
culture (SILAC). For the treatment samples, amino acids (typically arginine and/or lysine)
that are labeled with “heavy” isotopes (e.g. °C and/or "’N atoms) are added to arginine
and/or lysine deficient cell culture medium. The heavy isotope-labeled amino acids are then
incorporated into all the proteins after several cell doublings. For the control samples, the
cells are cultured in the conventional cell culture medium, which does not contain stable-
isotope labelled amino acids. The relative abundance of the labeled and unlabeled peptides in
the treated and control samples can be measured by comparing the peak intensities in the MS

scan.

Figure 1.1.6 Quantitative proteomics: label free approaches. In label free quantitative
approach, each sample is separately prepared, and subjected to individual LC-MS/MS run.
Label free quantitative proteomics can be carried out by comparing peak area of a peptide in
MS scan or by counting the number of times the MS/MS spectra of a peptide are recorded
and identified (spectral counting) in individual LC-MS runs. Label free does not require

multiple samples to be combined prior to MS analysis.

Figure 1.2.1 Diagram of the structure of glycerophospholipids, a sub-class of lipids.
Typical glycerophospholipids consist of a glycerol backbone, a radyl moiety (acyl ester,
alkyl ether, or vinyl ether) at the sn-/ (stereospecific number) position, an acyl ester at the

sn-2 position, and a polar head group attached to the sn-3 position through a phosphodiester
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linkage. The common polar head groups in glycerophospholipids include choline,
ethanolamine, inositol, serine, and glycerol. Adapted with permission from Briefings in

Functional Genomics. Copyright © 2008 Oxford University Press.

Figure 1.2.2 Representative lipid structures of glycerophospholipids. (a)
Glycerophosphocholines. (b) Glycerophosphoethanolamines. (c) Glycerophosphoserines. (d)
Glycerophosphoglycerols. (e) Glycerophosphates. (f) Glycerophosphoinositols. Adapted
with permission from Mass Spectrometry Reviews. Copyright © 2010 Wiley Periodicals, Inc.

Figure 1.2.3 The MS-based method for the identification of glycerophospholipids. The
identification of glycerophospholipids can be performed by direct infusion of lipid extracts
through ESI to a mass spectrometer or by integrating front-end LC separation with a mass
spectrometer. Depending on the polar head group of the lipid species of interest, they can be
studied under positive ion mode or negative ion mode. A MS scan is first employed to
determine the information on the intact molecular weight of each lipid species. In the second
stage, individual lipids are subjected to CAD and information on polar head group and fatty
acyl moieties are obtained. As there is no genomic information can predicate the structure of
a lipid species, lipid structural elucidation is performed on the intact lipid species (“top-

down”) and is totally based on fragment ions recorded in the MS/MS spectra (“de novo”).

Figure 1.2.4 The MS-based method for quantitative analysis of glycerophospholipids.
The quantitative analysis of a lipidome generally involves the addition of lipid standards at
the time of lipid extraction. The lipid extracts can be introduced into a mass spectrometer
directly through ESI (direct infusion) or by integrating a front-end LC separation. Depending
on the polar head group of the lipid species of interest, quantitative analysis can be
performed under positive ion mode or negative ion mode. Precursor ion scan (PIS) and
neutral loss scan (NLS) are used for the quantitative analysis of a large number of lipid
species across multiple structural classes in total lipid extracts (global quantitative

lipidomics). Selected reaction monitoring (SRM) is used for the quantitative analysis of a
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single lipid species or several lipids within a specific lipid class (targeted quantitative

lipidomics).
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Figure 1.1.1
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Figure 1.1.2
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Figure 1.1.3
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Figure 1.1.4
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Figure 1.1.5
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Figure 1.1.6
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Figure 1.2.1

Fatty acid
snl
sn2
Fatty acid
O
I
O—P—O0
sn3 |

= choline, ethanolamine, inositol, serine, and glycerol

40



Figure 1.2.2
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Figure 1.2.3
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Figure 1.2.4
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Chapter 2 Experiments

2.1 Proteomic Experiments
2.1.1 Materials

Ammonium bicarbonate, dithiothreitol (DTT) and sodium carbonate were purchased
from EMD Chemicals, Inc. (Darmstadt, Germany); N-2-Hydroxyethylpiperazine-N-2-Ethane
Sulfonic Acid (HEPES), Magnesium acetate, ethylene glycol tetraacetic acid (EGTA),
ethylenediaminetetraacetic acid (EDTA) and nonidet P-40 (NP-40) were obtained from
Sigma-Aldrich (Saint Louis, MO). Glycerol was purchased from MP Biomedicals.

Standard proteins ovalbumin (catalogue number A7641), fetuin A (F3004), serum
albumin (A9056), carbonic anhydrase 2 (C3934), serotransferrin (T1408) and lysozyme C
(L7651) were obtained from Sigma-Aldrich (Saint Louis, MO); sequencing grade trypsin
was purchased from Promega (Madison, WI); chymotrypsin and Glu-C were obtained from
Roche Applied Science (Indianapolis, IN); DMEM medium was from GIBCO-BRL
(Burlington, ON); protease inhibitor cocktail was from Sigma-Aldrich (Saint Louis, MO);
Bradford protein assay kit was from Bio-Rad (Hercules, CA).

Strong cation exchange (SCX) beads were obtained from the Nest Group (Southboro,
MA) or Polymer Laboratories, Varian, Inc.; Strong anion exchange beads were obtained
from Polymer Laboratories, Varian, Inc; prototypical SCX Plates (reactor plate) were
graciously provided by Millipore (Billerica, MA); the MultiScreen HTS Vacuum Manifold
was obtained from Millipore (Billerica, MA).

The 5 um C18 beads were from Waters (Milford, MA); 10 um picotip emitters were
purchased from New Objective (Woburn, MA); Acetonitrile with 0.1% formic acid and
water with 0.1% formic acid were purchased from J.T. Baker (Phillipsburg, NJ).
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2.1.2 Cell culture and cell lysis

Mouse P19 testicular cancer cells were cultured at 37°C in 5% CO, in DMEM
medium (GIBCO-BRL, Burlington, ON) supplemented with 10%(v/v) fetal calf serum (/-2).
Cells were harvested and washed twice with phosphate buffered saline (PBS). Cell lysis was
performed using a modified RIPA lysis buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl,
1%(w/v) NP-40, 0.25%(w/v) Na deoxycholate, 1 mM EDTA, protease inhibitor cocktail).
Collected cells were placed on ice with RIPA buffer for 10 minutes, and cell lysates were
centrifuged for 10 min at 14,000 rpm to pellet cell debris. Supernatants were collected and
protein concentration was assessed using a Bradford protein assay kit (Bio-Rad, Hercules,

CA) with bovine serum albumin as the standard (Sigma, St. Louis, MO).

Human MCF-7 breast epithelial cancer cells were cultured at 37 °C in 5% CO, in a
DMEM medium (GIBCOBRL, Burlington, ON) supplemented with 10% (v/v) fetal bovine
serum (2). The cells were harvested following treatment with trypsin, washed with phosphate
buffered saline (PBS), and re-suspended in a 2 mL hypotonic buffer (50 mM Tris pH 7.5, 1
mM DTT, 1 mM EDTA, 5 mM CaCl,, 5 mM MgCl,, protease inhibitor cocktail) on ice for
10 min. Crude cell homogenate was then centrifuged at 3000 g for 15 minutes. Supernatants
were collected and aliquots were stored at -80°C. The protein concentration was assessed
using Bio-Rad DC protein assay (Bio-Rad, Hercules, CA) with bovine serum albumin as the

standard (Sigma, St. Louis, MO).

Saccharomyces cerevisiae yeast cells were grown on a 200 mL plate to an ODggo of
0.8 at which point the cell pellets were harvested by centrifugation and washed with water
(3). The cell pellets were then frozen at -80°C until ready to be used. The cell pellets were re-
suspended in an equivalent volume of lysis buffer (100 mM HEPES pH 8.0, 20 mM
magnesium acetate, 10% glycerol (v/v), 10 mM EGTA, 0.1 mM EDTA, protease inhibitors
cocktail) and frozen in liquid nitrogen in small droplets and lysed using a coffee grinder half-
filled with dry ice for 1 minute. The dry ice was allowed to evaporate, and the resulted whole
cell extract was sonicated three times for 30 seconds with at least 1 minute on ice between
each pulse. Nonidet P-40 (NP-40) was added to a final concentration of 0.4% (w/v), and the

sample was manually mixed for 30 seconds. The extract was clarified by centrifugation at

60



14000 rpm for 15 minutes (4°C) and the supernatant was transferred to a fresh tube. The final

protein concentration was determined using a Bradford protein assay kit (Bio-Rad).

2.1.3 Protein sample preparation/digestion
2.1.3.1 Protein digestion using proteomic reactor

As described in publications (/-3), protein samples were processed using the SCX
proteomic reactor, SCX plate reactor, and SAX proteomic reactor described in this thesis.
Detailed protocols to process protein samples using the SCX proteomic reactor will be
described in chapter 3.1.2; the protocol to process protein samples using the SCX plate
reactor will be described in chapter 3.2.4; and the protocol to process protein samples using

SAX proteomic reactor will be described in chapter 3.3.4.

2.1.3.2 In-solution protein digestion

The in-solution digestion of P19 cell lysate was performed as described previously (7,
3). The RIPA buffer from the protein extract was exchanged using a centricon YM-3 filter
(Millipore, Billerica, MA) washed three times with 20 mM TRIS, 150 mM NaCl pH 7.4
buffer. The protein concentration was then determined by Bradford assay. Three aliquots of
P19 lysate each corresponding to 10 pg of total protein were then dissolved in 100 puL of 100
mM NH4HCOj; buffer containing 10 mM dithiothreitol (pH 8.0). After incubation at 37 °C
for 2 h, the protein solution was added with 2 pLL of 1 M iodoacetamide and incubated in the
dark for additional 30 min at room temperature. 1.5 pL. of 1 M dithiothreitol was then added
to react with the remaining iodoacetamide. Digestion was performed with 2.5 pg of trypsin at
37 °C overnight. The solvent was then evaporated and the sample was reconstituted in a final
volume of 40 pL of 200 mM ammonium bicarbonate and 4 pL of 50% (v/v) formic acid,

which is the same solvent used for the reactor samples prior to HPLC-MS analysis.

For the standard protein mixture, a total of 10 pg of standard protein sample was

dissolved in 50 pL 100 mM NH4HCOj; buffer containing 10 mM dithiothreitol (pH 8.0) (/,
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3). After incubation at 37 °C for 2 h, 2 pL of 1 M iodoacetamide was added and the solution
was incubated in the dark for an additional 30 min at room temperature. 1.5 uL. of 1 M DTT
was then added to react with the remaining iodoacetamide. An in-solution digestion was
performed with trypsin (1/4 amount of the protein) at 37 °C overnight. The tryptic digestion

was quenched by adding formic acid to a final concentration of 2% (v/v).

2.1.4 HPLC-MS/MS experiments

The 40 pL peptide mixture obtained from the P19 cell lysate digested with SCX
reactor were acidified with 4 puL of 50% (v/v) formic acid (/). The resulting peptides were
then analyzed with a HPLC-ESI-MS/MS system, where a LCQ DecaXP instrument
(Thermo-Finnigan, San Jose, CA) was integrated with a micro flow HPLC 1100 system
(Agilent, Palo Alto, CA). 5 uL of each sample was first loaded onto a4 cm X 75 pm ID pre-
column packed with 5 um C18 beads (Waters, Milford, MA) using a micro flow HPLC 1100
system (Agilent, Palo Alto, CA). The peptides were then separated with a 5 cm X 75 um ID
C18 column integrated with a 10 um picotip emitter (New Objective, Woburn, MA) using a
5-80% (v/v) linear gradient of acetonitrile with 0.1% (v/v) formic acid over 2 hours. The
analytical column was also packed with 5 pum C18 beads. The flow rate through the column
was approximately 200 nL/min. Data dependant MS scans were performed, where the three
most intense ions in each MS spectrum were subjected to MS/MS analysis using collision
induced dissociation. The experiments were performed in dynamic exclusion mode, where a

peak could be sequenced a maximum of three times before being excluded for 3 minutes.

The peptides obtained from the P19 cell lysate digested with the SCX plate reactor
were analyzed using a QSTAR Pulsar quadrupole-TOF mass spectrometer (ABI/MDS Sciex,
Concord, ON) (2). 8 uL out of 25 pL total elution volume were loaded onto a 75 pmx 50
mm pre-column (5 um YMC ODS-A C18 beads, Waters, Milford, MA) at 1.5-2 pL/min
using an Agilent 1100 series HPLC system (Agilent Technologies, Palo Alto, CA).
Following a 12 minutes desalting step, the flow was split and peptides were eluted through a
second 75 pm % 50 mm column (5 pum YMC ODS-A C18 beads) at approximately 200

nL/min using a 5-80% (v/v) gradient of acetonitrile with 0.1% (v/v) formic acid over 1.5 hrs.

62



The LC effluent was interfaced with the QSTAR Pulsar quadrupole-TOF mass spectrometer
via a 10 um picotip emitter (New Objective, Woburn, MA) by electrospray ionization. Data
dependant MS scans were performed, where the four most intense ions in each MS spectrum
were subjected to MS/MS analysis using CAD. A peak could be sequenced a maximum of

three times before being excluded for 3 minutes.

The peptides derived from the MCF-7 fractions digested with the SCX plate reactor
were analyzed using a LCQ Deca XP mass spectrometer (ThermoFinnigan, San Jose, CA)
(2). 8 uL of the total 30 uL of resulting peptides were loaded onto a LC setup as described
above. Again, data dependant MS scans were performed, where the three most intense ions
in each MS spectrum were subjected to MS/MS analysis using CAD. The experiments were
performed in dynamic exclusion mode. A peak could be sequenced a maximum of three

times before being excluded for 3 minutes.

The peptides of yeast samples and protein standard mixtures that were eluted from
the SAX or SCX reactors were acidified with formic acid and loaded onto a 200 um x 50
mm fused silica precolumn that was packed in-house with 5 cm of 5-um YMC ODS-A C18
beads (Waters Co., Milford, MA) using an 1100 micro-HPLC system (Agilent Technologies,
Santa Clara, CA) (3). Following a desalting step, the flow was split, and peptides were eluted
through a second 75 um x 50 mm column packed with the same beads at approximately 200
nL/min. The peptides were eluted using a 2-h gradient (5-80% acetonitrile(v/v) with 0.1%
formic acid (v/v)) into an ESI LTQ linear ion trap mass spectrometer (Thermo Electron,
Waltham, MA). MS/MS spectra were acquired in a data-dependent acquisition mode that
automatically selected and fragmented the ten most intense peaks from each of the MS

spectrum generated.

2.1.5 Data analysis

In this thesis, all the MS/MS spectra recorded were analyzed using Mascot (Matrix
Science, Boston, MA). The MS/MS spectra recorded for peptides from P19 cell lysate,

digested with SCX reactor and in-solution digestion, were analyzed using Mascot using the
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following parameters: oxidation (M) as an optional modification, a maximum of 2 tryptic
miscleavages, a peptide tolerance of 2 Da and a MS/MS tolerance of 0.8 Da, mus taxonomy
and 2+ and 3+ precursor ions only (/). Only the proteins with at least one new peptide were
kept (Require Bold Red option in Mascot). A Mascot peptide score threshold of 15 was used
for the peptide scores on the LCQ, which is above the significance level indicating identity
or extensive homology (4). It should be noted that the efficacy of digesting proteins using the
SCX proteomic reactors was assessed by comparing the total number of proteins identified to
those identified using the in-solution protein digestion method, where the same criteria for

protein/peptide identification were applied.

The MS/MS spectra recorded for peptides from P19 cell lysate, digested with the
SCX plate reactor, were searched against the mouse taxonomy in the NCBI non-redundant
database using Mascot; data files from all the 35 fractions of MCF7 cell lysates, digested
with SCX plate reactor, were searched against the human taxonomy in the NCBI nr database
using Mascot (2). The Mascot peptide and MS/MS tolerances for the experiment performed
on a QSTAR mass spectrometer were set to =100 ppm and 0.2 Daltons, respectively. The
Mascot peptide and MS/MS tolerances were set for the LCQ Deca XP experiments at 2 and
0.8 Daltons, respectively. For all experiments, 1 missed cleavage was allowed and the ion

score threshold was set at 20. In addition, the protein cut-off score was set at 39 (5).

The MS/MS spectra from the yeast samples, digested with SAX and SCX reactors
and in-solution approach, were searched against a database consisting of the Saccharomyces
Genome Database (http://www.yeastgenome.org/, 6716 protein entries, released December 2,
2008) and the reverse sequence of all protein entries (3). Mascot 2.2.02 (Matrix Science) was
used to search the protein sequence database using the following parameters:
carbamidomethyl (C) was set as a fixed modification, and oxidation (M, +15.99492 Da) was
set as a variable modification. The precursor and fragment mass tolerances for the LTQ data
were set at 2.0 and 0.8 Da, respectively. Mascot ion cut off scores were set to 30.
Furthermore, only the peptides that ranked first with a probability-based Mowse (expect) P-

value smaller than 0.05 were accepted (6).
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2.2 Lipidomic Experiments
2.2.1 Materials:

1-O-hexadecyl-2-acetyl-sn-glycero-3-phosphocholine (C16:0 PAF), 1-O-hexadecyl-
2-hydroxy-sn-glycero-3-phosphocholine  (C16:0 [lyso-PAF), 1-O-octadecyl-2-acetyl-sn-
glycero-3-phosphocholine (C18:0 PAF), and 1-O-octadecyl-2-hydroxy-sn-glycero-3-
phosphocholine (C18:0 /yso-PAF) were purchased from Biomol Research Laboratories
(Plymouth Meeting, PA). The C13:0 lyso-phosphatidylcholine (C13:0 LPC) and diacyl
glycerophospholipid standards PA (12:0/13:0), PA (17:0/14:1), PA (17:0/20:4), PS
(12:0/13:0), PS (17:0/14:1), PS (17:0/20:4), PG (12:0/13:0), PG (17:0/14:1), PG (17:0/20:4),
PI (12:0/13:0), PI (17:0/14:1), PI (17:0/20:4), PE (12:0/13:0), PE (17:0/14:1), and PE
(17:0/20:4) were quantitative standards from Avanti Polar Lipids, Inc. (Alabaster, AL).

Chloroform and methanol were liquid chromatography grade from Fisher Scientific
(Waltham, MA). Ammonium acetate was purchased from Sigma Chemical Co. (St. Louis,
MO). Cell media and fetal bovine serum (FBS) was from Invitrogen (Carlsbad, California).

Bovine serum albumin was from Sigma (St Louis, MO).

The 5 um C18 beads were from Waters (Milford, MA); 10 um picotip emitters were
purchased from New Objective (Woburn, MA); Acetonitrile with 0.1% formic acid(v/v) and
water with 0.1% formic acid(v/v) were purchased from J.T. Baker (Phillipsburg, NJ).

2.2.2 Cell culture, tissue samples and lipid extraction

Rat pheochromocytoma PC12 cells originally obtained from the American Type
Tissue Collection were cultured in RPMI containing 10% (v/v) horse serum and 5% (v/v)
newborn calf serum (complete media) at 37°C in a 5% CO,/95% air atmosphere (7). PC12
cells were differentiated to a neuronal phenotype by seeding at a density of 5x10” cells/dish
on 10 cm diameter tissue culture plates coated with 2 pg/ml rat tail collagen (Roche,
Mississauga, ON). Twenty-four hours after plating, cells were cultured in differentiation

media (RPMI containing 0.5% (v/v) heat-inactivated horse serum and 50 ng/ml 7S nerve
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growth factor (NGF, Sigma)). Cells were fed every second day for 7 days. Untreated
controls were seeded at a density of 1x10° cells/dish and lipids extracted 72 h after plating.
Plating controls seeded and cultured at the same time were counted immediately prior to
lipid extraction to establish final cell number (PC12 cells — 1.79¢7, NGF-differentiated PC12
cells — 2.34e6). All culture reagents were obtained from Invitrogen (Burlington, ON) except

where indicated.

Glycerophospholipids were extracted according to a modified Bligh/Dyer procedure (8-
9). Briefly, media was removed from each plate and cells were washed extensively with 10
mM phosphate buffered saline. Cultures of undifferentiated PC12 and NGF-differentiated
PC12 cells were placed on ice and 1 ml of ice-cold methanol acidified with 2% (v/v) acetic
acid was added to each plate. Cells were then scraped and collected in acidified methanol. Four
plates per condition were harvested and pooled. Lipids were extracted using a volumetric ratio
of 0.95 of chloroform and 0.8 of 0.1 M sodium acetate (aq) per volume of methanol in acid-
washed borosilicate glass tubes (Fisher, Ottawa, ON). Phospholipids were collected from the
organic phase after layer separation by centrifugation. The aqueous phase was then back-
extracted three times in the organic phase of a wash solution prepared by combining RPMI+
0.025% BSA, methanol, chloroform, and sodium acetate in the volumetric ratio of 1:2.5:3.75:1.
The organic fractions were combined, evaporated under a stream of nitrogen gas, and

dissolved in 300 pl EtOH.

Alzheimer brain from deceased patients (74+8 yrs) was obtained from the Douglas
Hospital Research Centre Brain Bank (Montreal, Canada). Control patients (78+16 yrs)
suffered sudden death due to non-neurological complications. At autopsy, parahippocampal
gyri were removed and flash-frozen in liquid nitrogen without fixation for lipid extraction.

Post-mortem delay was between 5 and 25 h.

TgCRNDS8 mice, expressing a double mutant (M146L and L286V) form of the
human amyloid precursor protein under the control of the PrP gene promoter (/0), and
NonTg littermate controls were sacrificed between 10-12 weeks of age via lethal injection of
euthanol. Cerebral cortices (posterior cortex, temporal lobe) were removed on ice. All

manipulations were performed in compliance with approved institutional protocols and
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according to the strict ethical guidelines for animal experimentation established by the

Canadian Council for Animal Care.

Human hNT neurons were generated from NT2/D1 precursor cells (/7). Cultures were
treated with AB4, (25 uM) prepared as soluble oligomers (/2) for 6 and 24 hours, respectively.
All treatments were carried out in serum-free media containing 0.025% bovine serum albumin
to ensure neurons were not exposed to the secreted PAF acetylhydrolase (PAF-AH) isoform
present in serum supplements. No degradation of exogenous PAF in media was detected under

these conditions confirming the absence of PAF-AH activity in treatment media.

Glycerophospholipids were extracted according to a modified Bligh/Dyer procedure (8-
9). Briefly, tissue and cell pellets were weighed and placed in 1 ml of ice-cold methanol
acidified with 2% acetic acid. Human samples were spiked with 187.5 ng C13:0 LPC at time
of extraction (/3). Lipids were extracted using a volumetric ratio of 0.95 of chloroform and 0.8
of 0.1 M Na acetate (aq) per volume of MeOH in acid-washed borosilicate glass tubes (Fisher,
Ottawa, ON). Phospholipids were collected from the organic phase after layer separation by
centrifugation (1500 rpm, 15 min, 4°C). The aqueous phase was then back-extracted three
times in the organic phase of a wash solution prepared by combining RPMI+ 0.025% BSA,
methanol, chloroform, and sodium acetate in the volumetric ratio of 1:2.5:3.75:1. The organic
fractions were combined, evaporated under a stream of nitrogen gas, and dissolved in 300 pl

EtOH.

The expression plasmid pcDNA3.1/V5-His-TOPO containing mouse lipin-1a coding
sequences (/4) was transfected into rat hepatoma McA-RH7777 cells using the calcium
phosphate precipitation method, and stable transformants were obtained following selection
with G418(75). The cells were maintained at 37°C in a 5% CO, humidified incubator in
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
(v/v), 10% horse serum(v/v), 1% antibiotyc-antimycotic solution(v/v) (Invitrogen) and 200
pg/ml G418. Lipids were extracted from rat hepatoma cells over expressing lipin-la
(~4X10") with chloroform/methanol/acetic acid/saturated NaCl/H,O (4:2:0.1:1:2, v/v) (16).
After phase separation by centrifugation (1500 rpm, 15 min, 4°C), the organic phase fraction
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was collected and evaporated under a stream of nitrogen gas, followed by dissolving in 300

ul methanol (17).

2.2.3 HPLC-ESI-MS/MS experiments
2.2.3.1 HPLC-ESI-MS/MS system

A micro flow 1100 HPLC system (Agilent, Palo Alto, CA) was used to introduce the
analytes into a 2000 Q TRAP mass spectrometer (7, /3). The solvents used were water and
acetonitrile each with 0.1% formic acid (J.T.Baker, Phillipsburg, NJ). Samples were loaded
successively onto an Agilent 96-well sampling plate, which was then covered with a pre-slit
well cap and thermostated at 4°C. An Agilent 1100 autosampler was employed to introduce
the analytes onto a 200 um x 50 mm pre-column packed with 5 pm YMC ODS-A C18 beads
(Waters, Milford, MA) at a flow rate of 10 ul/min. Following the completion of loading 40
uL of analyte, the HPLC flow was split and the analyte was eluted through a 75 um x 50 mm
picotip emitter (New Objective, Woburn, MA), which was interfaced with the mass
spectrometer via electrospray ionization, at ~200 nL/min. The emitter was packed with the
same beads as those of the pre-column. A linear gradient was used to separate the
glycerophospholipid species. The gradient of the HPLC was increased from 5% to 60%
acetonitrile(v/v) in 1.5 minutes, from 60% to 80% acetonitrile(v/v) over the next 35 minutes,
and from 80% to 95% acetonitrile(v/v) over the next 4 minutes. Most of the lipid species
were eluted from the columns between 60% to 80% acetonitrile(v/v). The column was then
washed with 95% acetonitrile (v/v) for ~ 40 minutes, followed by regeneration at 95% H,0O

for 15 minutes (7, 13).

Data were collected on a Q-TRAP 2000 mass spectrometer operated with Analyst
1.4.1 (Applied Biosystems/MDS Sciex, Concord, ON). In the detection process, total lipid
extract were analyzed by Enhanced MS scan over the range of m/z from 450 to 600. The
glycerophosphocholine species were further analysed in positive ion mode using precursor
ion scan for an MS/MS fragment with a mass to charge ratio (m/z) of 184.0, a diagnostic

fragment of phosphocholine (/8). The resolution for both Q1 and Q3 were set at low to
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maximize the sensitivity for ion detection. Capillary voltage was 3.5 kV. Nitrogen served as

the collision gas and the collision energy was 40 eV (7, 13).

2.2.3.2 Lipid sample preparation

Lipid extract was normally diluted appropriately to avoid overloading the LC-MS
system. Lipid extract from differentiated PC12 cells was diluted by a factor of 8 prior to MS
analysis. For absolute quantitation of the four PAF family species, 8 uL of lipid extract, 5 pL
of a standard solution containing known amount of C16:0, C18:0 PAF and C16:0, C18:0
lyso-PAF, and 27 pL of H,O with 0.1% (v/v) formic acid were mixed together to bring the
final volume to 40 pL. Five standard solutions containing 200, 400, 600, 800, and 1000 pg
each of C16:0, C18:0 PAF and C16:0, C18:0 lyso-PAF were used in the experiment. At each

standard addition concentration, samples were analyzed in triplicate (7).

For relative quantification of PAF family species and other glycerophosphocholine
species, 46 pL, consisting of 10 ul of lipid extract, 5 pL of deuterated standards (d4-C16:0
PAF/ds-Cis-lyso-PAF) at final concentration of 2.5 ng/species, and 31 ul of 0.1% (v/v)

formic acid in H,O, was analyzed per MS run (/3).

2.2.3.3 Data analysis

Analyst 1.4.1 (Applied Biosystems/MDS Sciex) was used to measure the peak areas
of the lipid species of interest from their respective extracted ion chromatograph (XIC),
which was extracted from the precursor ion scan of m/z 184 (7, [13). For absolute
quantification, concentrations of the native PAF species were calculated using the regression
curve when y=0 and expressed as the mean of the triplicate samples + 95% confidence
interval (7). The 95% confidence interval was determined using the Student’s #-test. PAF
species data were then standardized to total cell number and expressed as pg per 10° cells.
Tissue wet weight in grams was divided by the specific gravity of brain tissue (1.050) to

obtain the volume in ml for molar calculations (/9).
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For relative quantification, lipid samples were spiked with identical amount (e.g.
187.5 ng for human tissue samples) of C13:0 LPC at time of extraction (/3). Peak areas of
the lipid species of interest were normalized with respect to that of the internal standard
C13:0 lyso-phosphatidylcholine (C13:0 LPC). Deuterated standards (ds-C16:0 PAF/d4-C6-
lyso-PAF) were used to identify C16:0 PAF and/or C,s-lyso-PAF from other isobaric lipid
species, as the deuterated and normal C16:0 PAF and Cs-/yso-PAF had the same elution

time.

2.2.4 Shotgun lipidomics (ESI-MS/MS)

The mixture of lipid standards was prepared by taking equal volumes of each lipid
standard solution (/7). The final concentration of each lipid standard was around 1 uM. After
vortexing, the mixture of lipid standards was transferred to a QSTAR Pulsar QqTOF mass
spectrometer (MDS Sciex, Concord, ON, Canada) using a syringe pump at a flow rate of 250
nL/min, controlled by Analyst software. For the lipid extract from rat hepatoma cells over
expressing lipin-1a, 50 pL of lipid samples were diluted with an equal volume of methanol,
followed by spiking with 3 uL of ammonium acetate at a concentration of 250 mM so that
the final concentration of ammonium acetate in the lipid sample was around 7.5 mM. The

sample was then introduced into the mass spectrometer with the syringe pump at 250 nL/min.

The nano-spray needle potential was set at -1,200 V and the declustering potential
(DP) was set at -30 eV (/7). The mixture of lipid standards was first monitored by TOF MS
until the total ion current (TIC) became stable. Product ion spectra of each lipid standard
were then recorded sequentially at collision energies from 20 to 70 eV for PA, PS, PG, and
PE, and from 20 to 80 eV for PI. Each product ion spectrum was recorded for 2 minutes to
minimize the influence of signal intensity fluctuation. Quadrupole Q1 was operated at unit

resolution.

For the analyses of the lipid extract from the lipin la cell line, precursor ion scans of
m/z -153 and -196 were first performed to highlight molecular ions of PA/PS/PG/PI and PE,

respectively (/7). Quadrupole Q1 was operated at unit resolution and ~20 ms dwell time with
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step size of 0.3 Da. Product ion scans were then carried out for the lipid species of interest,
each spectrum recorded for up to 2 minutes. For PI species, the collision energy was set at 55

eV. For all the other glycerophospholipids, the product ion scans were performed at 40 eV.
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Chapter 3 Developing proteomic reactor
techniques for processing complex protein

samples

3.1 Developing a SCX Proteomic Reactor
3.1.1 Introduction

Different proteomic approaches have been developed over the years which
commonly require the processing of proteins into peptides before they are analyzed by mass
spectrometry (/-4). In gel-based experiments, such as the well established 2D gel
electrophoresis approach (5), the separated proteins are difficult to extract from the
polyacrylamide gel (6). Instead, proteins are enzymatically cleaved into peptides in the gel
(7) before they can be extracted and analyzed. Unfortunately, protein/peptide loss and
contamination are hard to avoid with 2D gel electrophoresis (8) and the proteins are digested

in a large volume of solution (typically 25 pl).

Gel-free proteomics has been proposed as a complementary approach to 2D gel
electrophoresis (9). These gel-free approaches rely on either solution based protein
separations such as size exclusion (/0), reverse-phase liquid chromatography (//), free-flow
electrophoresis (FFE) (/2-13) and 2D chromatography (/4), or peptide separations (/5-18).
In these approaches, the proteins are digested in a large volume of solution either before or
after separation. Even though gel-free approaches bypass the need for gels, they do not

address the fundamental issue of efficiency of protein processing.

Various approaches to in-solution digestion have been proposed, but they have
notable limitations. For example, two groups have reported approaches for processing
proteins using immobilized trypsin in monolithic columns followed by peptide fractionation
(19-20). Unfortunately, no protein preconcentration is associated with these approaches.

This means that the samples must have low amounts of contaminants and high levels of
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proteins. Another group reported protein separation coupled to immobilized trypsin (27-22)
In these studies, protein separation is performed at the same time as the digestion followed
by mass spectrometry. However, peptide fractionation is not performed in this approach,
which drastically limits the number of proteins that can be handled by the systems. Craft et
al. (23-24) digested proteins by absorbing them on a hydrophobic support, introducing
trypsin, gradually eluting them, and then analysing the resulting peptides by mass
spectrometry. Unfortunately, this technique required a high amount of sample (200 ng per
protein) and was only successful for standard protein solutions which were contaminant free.
In general, these approaches require further development before being readily amenable to

real biological samples.

This section presents the development of a single microfluidic device, termed the
proteomic reactor to simplify and improve the processing of proteomic samples. We
postulated that microfluidic volume could be used to decrease sample loss during proteomic
analysis, while a small bed of extraction material incorporated within the microfluidic path

could be used to more efficiently perform extractions and reactions on proteins and peptides.

At the core of the proteomic reactor is the ability to use multiple ionic interactions
between proteins and the bed of the reactor to extract proteins from solution. The first
generation of the proteomic reactor contains a small bed of packed strong cation exchange
material (SCX). The proteomics samples are resuspended in a low pH buffer, spiked with
trypsin and loaded onto the reactor (Figure 3.1.1b). The vast majority of proteins in
proteomics samples will be multiply charged due to the protonation of lysine, arginine,
histidine, and N-termini at pH lower than 3. As well, the majority of proteins will also be
deprotonated (or carrying very few charges) at pH=8. This means that at low pH most
proteins can have multiple ionic interactions with charge surfaces whereas at physiological
pH these interactions will be much fewer. As well, at low pH trypsin remains stable but is
inactivated. Therefore, at low pH a strong cation exchanger bed incorporated within the
reactor can readily extract most proteins without issues of isocratic elution. This is often an
issue disregarded in microfluidics. However, real biological samples are present in relatively
large volumes (10-100 pl) which are a few orders of magnitude larger than the microfluidic

dead volume. In conventional chromatography, in which the analytes exchange between the
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stationary and mobile phase, this large difference in volume would cause isocratic elution of
many analytes. Fortunately, the presence of multiple charges on the proteins favours the
formation of multiple weak interactions with the strong cation exchanger which overall
greatly favours the extraction of the proteins onto the SCX. No isocratic elution is
observable within the limits of the volumes used in these experiments. Therefore, the
proteomic reactor can pre-concentrate protein samples on a small bed. As importantly, at
low pH many other biomolecules will either be neutral or negatively charged and therefore
will not interact with the SCX and will readily flow through the reactor. The non-ionic
detergents, DNA, RNA, lipids and other neutral or negatively charged biomolecules are
readily washed away while the proteins are retained by the SCX material. Therefore, the
proteomic reactor is also useful to clean-up samples. Finally, chemical and biochemical
reactions can be performed on the proteins extracted in the reactors such as derivatization
and digestion of protein samples. Proteins can then be derivatized by adding the reagents to
the reactors. As well, proteins are digested by increasing the pH to 8.0, which in turn, will
activate the trypsin loaded onto the reactor with the protein sample (Figure 3.1.1c). Although
the proteomic reactor can be used as a standalone device, the resulting peptides are eluted

using a buffer readily compatible with HPLC-ESI-MS/MS (Figure 3.1.1d).

Another advantage of the proteomic reactor is that it concentrates proteins from
complex mixtures onto approximately 1 pL of packed SCX material. The strong affinity of
positively charged proteins towards the SCX material at low pH enables minute amounts of
proteins to be easily extracted from mid to high pL solution volumes. Furthermore, the
protein samples’ affinity for the SCX material can be modulated by introducing solutions
with different pH and salt concentrations, which is advantageous for capturing and
processing proteins on the reactor. While the pH is low during sample loading, the protein
samples will bind to the SCX material on the reactor. During digestion/alkylation, the higher
pH and salt contents render the protein samples mostly in a free solution phase. The
interstitial volume within the proteomic reactor is limited to approximately 50 nL, suggesting
that the overall pre-concentration effect ranges from 20 to 2000 fold if 1 pL to 100 pL of

starting material is used.
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We first use BSA to characterize the SCX proteomic reactor. Briefly, we established
the maximum loading capacity of the proteomic reactor, as well as assessed the capability of
the reactor to retain proteins on the SCX bed and elute retained proteins from the reactor
using a MS compatible elution buffer. We then used a protein extract from P19 cells to
assess the impact of cysteine reduction and alkylation on the efficacy of protein digestion on
the SCX proteomic reactor. Briefly, two aliquots of P19 protein samples were processed on
the SCX reactors under two conditions: one protein aliquot underwent a reduction/alkylation
reaction prior to its tryptic digestion while another protein aliquot was directly digested
without the reduction/alkylation step. Finally, we assessed the efficacy of digesting protein
samples on the SCX reactor in comparison to that of conventional in-solution protein
digestion approach. This was performed with five different amounts of proteins (0.1, 0.5, 1,
5, and 10 pg) from P19 cell lysate in triplicate. These different amounts of proteins
correspond to the total proteins that would be obtained from 300 to 30,000 cells, based on the

results of Bradford assay and cell counts.

3.1.2 Experimental
3.1.2.1 Protein samples preparation and LC-MS/MS data analysis

P19 cell lysates and standard protein BSA were employed in the study. Five different
amounts of proteins (0.1, 0.5, 1, 5, and 10 pg) from P19 cell lysates were digested in
triplicate with both the SCX reactor and the conventional in-solution protein digestion
approach. 5 pL of the resulting peptides from each sample were analyzed with a LC-MS/MS
system, where a micro flow HPLC 1100 system (Agilent, Palo Alto, CA) was integrated with
a LCQ DecaXP instrument (Thermo-Finnigan, San Jose, CA). Details were described in
chapter 2. The MS/MS spectra were analyzed using Mascot (Matrix Science, Boston, MA)
using mus taxonomy. The details regarding P19 cell culture and protein extraction, in-
solution digestion of P19 protein samples, LC-MS/MS system, and parameters used in

Mascot search were described in chapter 2.
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3.1.2.2 Proteomic reactor assembly and protein processing on reactor

The reactor was assembled by connecting a 200 um inner diameter capillary tubing
(~30 cm) into an inline micro-filter (UpChurch Scientific, Oak Harbor, WA), which was
used as a frit. All tubing was washed with 500 puL of 10 mM potassium phosphate buffer (pH
3) prior to loading of SCX material. A slurry of SCX material (12 pm beads; The Nest
Group, Southboro, MA) was then introduced from the other end of the capillary tubing by
applying 200 psi of nitrogen. Unless specified otherwise, 4 centimeters of capillary tubing
was packed with SCX material, enabling a protein binding capacity of 12 pug. Each packed
reactor was then equilibrated by passing 50 pL of 10 mM potassium phosphate buffer (pH
3).

3.1.2.3 Digesting protein samples on the SCX proteomic reactor

The digestion of protein samples on the SCX proteomic reactor was validated with
both protein standards and protein samples directly obtained through cell lysate. The steps

are summarized below.

Protein samples were acidified prior to the proteomic reactor digestion by diluting
them with 50 mM H3;PO4 (pH~1.8) 1n a ratio of 1:9 (v/v). Trypsin (Promega, Madison, WI)
(0.5 pg/pL in 10 mM potassium phosphate buffer (pH 3)) was added to the protein sample in
a ratio of 1:5 (w/w). The acidified protein samples with trypsin were then loaded onto the
reactor through continuous flow mode of operation, where a pressure of 200 psi was
maintained until all sample solution was driven through the reactor bed. The flow rate
remained at approximately 10 pL/min. Next, the reactor was washed three times with 20 uL
of wash buffer (§ mM potassium phosphate buffer, 20% (v/v) acetonitrile), and then further
washed with 25 pL of deionized water to remove the wash buffer. After washing steps, the

reactor was dried with nitrogen gas for 30-60 seconds.

The proteins that were retained by the reactor were then reduced using a solution of
100 mM DTT (dithiothreitol) and 10 mM ammonium bicarbonate for 30 minutes. The

reducing step was conducted through infusion operation mode, where the flow was halted by
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dropping the nitrogen pressure to atmospheric pressure, as soon as the solvent front reached
the outlet of the reactor column. The reactor remained hydrated while the reduction reaction
was allowed to proceed for 30 minutes. The reactor was then dried and washed with 4 puL of

10 mM potassium phosphate buffer to decrease the pH to 3 and thus quench the reaction.

The alkylation and the activation of trypsin were carried out concomitantly by
introducing a digestion/alkylation solution (100 mM Tris-HCI, pH 8, 10 mM iodoacetamide)
through infusion operation mode. The reactions proceeded at atmospheric pressure and at
room temperature for 2 hours. The resulting peptides were then eluted using 40 pL of 200

mM ammonium bicarbonate.

3.1.3 Results and discussion
3.1.3.1 Characterization of the SCX proteomic reactor

I first established the maximum loading capacity of the proteomic reactor (Figure
3.1.2). Briefly, the maximum protein binding capacity of the proteomic reactor was
determined by sequentially loading 4 aliquots of acidified bovine serum albumin (BSA) onto
the same proteomic reactor. Each aliquot containing 5pg of BSA and was acidified by
diluting them with 50 mM H3PO,4 (pH~1.8) in a ratio of 1:9 (v/v). The flow-through solutions
(Loadl/Load2/Load3/Load4) for each aliquot were collected after each loading, and the
presence of protein was assessed by SDS-PAGE followed by coomassie-blue staining. The
presence of protein in the flow-through solutions was only observed from the third aliquot
onwards (Load3/Load4). Therefore, the protein binding capacity of the reactor in the present

format (4 cm SCX bed) is between 10-15 pg.

Using this proteomic reactor saturated with BSA, I assessed whether the retention of
the protein onto the SCX bed was affected by washing steps. Briefly, the reactor was washed
three times with 20 uL of wash buffer (§ mM potassium phosphate buffer, pH 3.0, 20% (v/v)
acetonitrile) (Washl), and then further washed with 25 pL of deionized water (Wash2) to
remove the wash buffer. No noticeable proteins were observed in the flow-through solutions

of Washl and Wash?2 as assessed by SDS-PAGE followed by coomassie-blue staining. This

80



indicates that even when the reactor bed is saturated with proteins, the retention of the
proteins by the SCX material is not affected by the various washing conditions when proper

pH and salt contents are maintained.

I then tested whether the protein could be eluted from the reactor using our MS
compatible elution buffer. Briefly, two subsequent elution steps (40 pL of 200 mM
ammonium bicarbonate, pH 9.0) were performed to verify the efficacy of eluting the retained
protein samples from the reactor (Elutel/Elute2). The eluent collected for each elution step,
along with the unpacked SCX beads (Beads) were monitored for BSA by SDS-PAGE. It was
observed that most proteins were eluted in the first elution (Elutel), but some were present in
the second elution (Elute2). Analysis of the unpacked SCX beads (Beads) from the reactor
by SDS-PAGE indicated that small portion of proteins remained on the beads. Incomplete
elution of protein from the reactor is considered acceptable as the solutions employed to
elute the resulting peptides from the reactor are intended to be compatible with the HPLC-
MS analysis. Moreover, in the full protocol trypsin is used to generate peptides that are less
likely to be strongly retained by the SCX bed. To avoid cross-contamination, a new
proteomic reactor was used for each analysis. The cost of a reactor is estimated to be around

$0.02 each.

3.1.3.2 The impact of reduction/alkylation reaction on the performance of the SCX

proteomic reactor

One advantage of the proteomic reactor is that chemical reactions can be performed
directly on the proteins retained on the reactor. Here we tested the performance of protein

reduction and alkylation of cysteines using a complex protein sample loaded on the reactor.

We used a protein extract from P19 cells to demonstrate the impact of cysteine
reduction and alkylation on the efficacy of protein digestion on the SCX proteomic reactor.
Briefly, protein processing was tested under two conditions: first, one protein aliquot
underwent a reduction/alkylation reaction on the reactor prior to its digestion while another

protein aliquot was directly digested on another reactor. The resulting peptides were
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analyzed using the LCQ mass spectrometer as described in the experimental section. The
experiments were repeated twice. The resulting data were compared for sequence coverage
of the identified proteins. Furthermore, in-house software was used to track individual

peptides and to verify their protein annotation from sample to sample.

Ninety four proteins were identified in all of the samples with varying sequence
coverage. The difference in the number of peptides identified between the two conditions
tested for each protein was calculated (Figure 3.1.3). Overall, 57% of the identified proteins
had increased sequence coverage when reduction/alkylation was performed on the proteomic
reactor. In other words, there was an increase in the number of identified peptides per
protein. Twenty eight% of the identified proteins had the same sequence coverage and 15%
had a decrease in sequence coverage. The vast majority of proteins with a decrease in
sequence coverage had only one less peptide identified; while a significant portion of the
proteins with an increase in sequence coverage had two or more peptides identified. This
clearly indicates that the DDT reduction and iodoacetamide alkylation performed on the

reactor can significantly improve the sequence coverage for the proteins identified.

3.1.3.3 Comparing the performance of the SCX proteomic reactor to in-solution

digestion approach

Another advantage of the proteomic reactor is that enzymatic catalysis can be
performed on the reactor and benefit from an enhanced concentration effect. This was
demonstrated using different amounts of protein lysate loaded onto the reactor, for which the
resulting peptides were analyzed by HPLC-ESI-MS/MS. Briefly, five different amounts of
proteins (0.1, 0.5, 1, 5, and 10 pug) from P19 cell lysate were processed in triplicate on the
reactor and the resulting peptides were analyzed by HPLC-ESI-MS/MS. These different
amounts correspond to the total proteins that would be obtained from 300 to 30,000 cells,

based on the results of Bradford assay and cell counts.

Figure 3.1.4 shows the average number of proteins identified in each run and the total

number of unique proteins identified after combining the triplicate runs versus the different
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amount of proteins digested. Proteins were detected in all the samples, including an average
of 25 proteins identified in samples containing only 0.1 pg of P19 cell lysate. No significant

gain was observed when more than 0.5 pg of protein was loaded.

In practice only 11% of the total volume of protein digest for each sample was
analyzed by the HPLC-ESI-MS/MS, considering that only 5 pL of the 40 pL collected from
the reactor were loaded onto the HPLC-ESI-MS/MS. For example, this means that for the
0.1 pg of proteins loaded and processed on the reactor only 11 ng were actually analyzed
with the HPLC-ESI-MS/MS, with an average of 25 proteins identified. In other words, an

average of 440 pg of total protein lysate is required for every protein identified.

Figure 3.1.4 shows that the reactor works better when the saturation point of the
binding capacity is attained (10 pg); however, even at 0.5 pg, 75% of the identifiable
proteins can still be detected. Although we did not change the size of the proteomic reactor
according to protein content, it is possible to make shorter or longer proteomic reactors to

accommodate different levels of proteins.

The reactor’s performance for digesting proteins was compared to an in-solution
digestion using the same amount of protein (10 pg), as described in experimental section.
Briefly, 10 pg of P19 cell lysate was digested in-solution and on the reactor, respectively, to
obtain 44 pL of peptide solution in both cases. The resulting peptides for each method were
then analyzed by HPLC-ESI-MS/MS as described in the experimental section. The in-
solution digestions were performed three times and 22 unique proteins were identified. In
comparison, 205 unique proteins were identified using the reactor digestions when
performed three times. Of the 22 proteins identified in the in-solution digestion, 21 were also
identified from the proteomic reactor digestion. The significantly improved performance of
the reactor than the in-solution approach, i.e., ~10 times more protein identification and a ~5
fold reduction in processing time, is likely due to 1) the efficient concentration of the protein
samples and the buffer exchange prior to digestion, and 2) the efficient digestion of protein

samples in the volumes of nanoliters.
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3.1.4 Conclusions

The microfluidic proteomic reactor provides an integrated platform to efficiently and
reliably purify and concentrate down to nL volumes complex proteomic samples.
Furthermore, we have demonstrated that chemical reactions, such as cysteine reduction and
alkylation, can be performed on the reactor. The reactor digestion also led to approximately
10 times more protein identifications than in-solution digestions. We expect that the
performance of the reactor will be further enhanced by coupling it to protein fractionation

approaches and to more efficient mass spectrometers.
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Figure Captions

Figure 3.1.1 Schematic representation of sample treatment steps using SCX proteomic
reactor. a) Sample treatment steps done using the proteomic reactor. b) Schematic
representation of the proteomic reactor. Pressurized nitrogen is used to push the liquid into
the reactor. The protein and trypsin are bound to the SCX. c¢) Trypsin is activated by
adjusting the pH to 8; the flow is stopped to let the digestion proceed without losing peptides.
d) Peptides are eluted by using an ammonium bicarbonate solution. Reprinted with
permission from Journal of Proteome Research. Copyright © 2006, American Chemical

Society.

Figure 3.1.2 Characterization of the SCX proteomic reactor. The Standard represents 20
pg of BSA standard solution. For Loadl/Load2/Load3/Load4, 5 pg of acidified BSA
standard solution was introduced into a SCX proteomic reactor sequentially and the eluent
was collected separately. The reactor was then washed three times with 20 uL of wash buffer
(8 mM potassium phosphate buffer, pH 3.0, 20% (v/v) acetonitrile) (Washl), and then
further washed with 25 pL of deionized water (Wash2) to remove the wash buffer. Two
subsequent elution steps (40 pL of 200 mM ammonium bicarbonate, pH 9.0) were performed
to verify the efficacy of eluting the retained protein samples from the SCX reactor
(Elutel/Elute2). The eluent was collected for each elution step, along with the unpacked
SCX beads (Beads).

Figure 3.1.3 Effect of DDT reduction and iodoacetamide alkylation on the identification
of peptides from mouse P19 total cell lysate. The same amount of protein samples were
processed on the reactor either with a reduction/alkylation step (treatment) or without this
step (control). The experiments were repeated twice for each condition. The resulting
peptides were then subjected to LC-MS/MS analysis and protein/peptide identification. The
list of protein identified and the number of peptides identified for each protein were then
recorded for each sample. The change in the number of peptides identified for the same

protein was compared between the two experiment conditions (2 treatments vs. 2 controls).
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This comparison was performed for all individual proteins identified. The total number of
times that such changes observed (in 4 comparisons) was grouped in terms of the number of
peptide differences. A positive difference indicates an increase in the number of peptides
identified when both reduction and alkylation are performed. The percentages represent the
proportion of proteins having, respectively, an increase, the same, or a decrease in number of
peptides identified. Reprinted with permission from Journal of Proteome Research.

Copyright © 2006, American Chemical Society.

Figure 3.1.4 Evaluation of the performance of the proteomic reactors for processing
complex proteomic samples. The sample used is total cell lysate from mouse P19 cells.
The circles represent the average of triplicate digestion for each protein quantities on reactor
of 40 mm X 200 um packed with 12 um SCX beads. Error bars correspond to one standard
deviation. The different X axes represent respectively the number of cells corresponding to
the protein content used in the digestion, (determined by Bradford assay) and the quantity
used for mass spectrometry. The diamonds represent the results when the peak lists from the
three replicates were merged prior to the Mascot search. Reprinted with permission from

Journal of Proteome Research. Copyright © 2006, American Chemical Society.

86



Figure 3.1.1
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Figure 3.1.2
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Figure 3.1.4
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3.2 SCX Plate Proteomic Reactor

3.2.1 Introduction:

In section 3.1, we have described a proteomic reactor technique that processes minute
amounts of protein samples on SCX resins. Although the reactor can process minute amounts
of protein, the serial nature of the associated protocols limits the number of samples that can

be processed concomitantly.

In this section we describe the development of a 96-well plate version of the
proteomic reactor which allows multiplexed processing of minute amount of protein
samples. The prototypical SCX 96-well plates were graciously provided by Millipore
(Billerica, MA). All of the protein processing abilities of the SCX proteomic reactor may
also be carried out in the 96-well reactor plate. Ten to 200 uL of protein solution can be
readily processed in each well. The protein mixtures retained in each well can then be
desalted, washed, and digested; digestion is complete in about 2 hours. Afterwards, the
resulting peptides are eluted from the reactor plate, collected, and analyzed by HPLC-ESI-
MS/MS. Full processing of the proteins is routinely performed on the reactor plate in less

than three hours, including two hours for the enzymatic digestion.

In this thesis, the performance of this 96-well plate reactor for protein binding and
elution was demonstrated using the standard protein BSA. The protein digestion process on
the plate reactor was tested with different amounts of protein extracts from P19 whole cell
lysates. Furthermore, the 96-well plate reactor was coupled with size exclusion
chromatography (SEC) fractionation to obtain a broader coverage of the proteome. The
performance of the plate reactor with SEC fractionation was demonstrated using MCF7

whole cell lysate.

3.2.2 Protein sample preparation and LC-MS/MS data analysis

Cell lysates of mouse P19 testicular cancer cells and MCF-7 breast epithelial cancer

cells were employed in the study. The peptides from different amounts P19 cell lysates (0.2,
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0.5, 1.0, 1.5 and 2.0 pg) derived from the reactor plate were analyzed using a QSTAR Pulsar
quadrupole-TOF mass spectrometer (ABI/MDS Sciex, Concord, ON). The peptides from the
fractions of MCF7 cell lysates were analyzed using a LCQ Deca XP mass spectrometer
(ThermoFinnigan, San Jose, CA). The MS/MS spectra were analyzed using Mascot (Matrix
Science, Boston, MA), where for P19 mouse taxonomy was used and for MCF7 human
taxonomy was used. The details regarding cell culture and protein extraction, LC-MS/MS

system, and parameters used in Mascot search were described in chapter 2.

3.2.3 Characterization of the 96 well plate reactor

The 96 well plate reactor has a capillary (~ mm x 1 mm (OD)) attached to the
bottom of each well and ~300 nL of SCX media was immobilized inside the capillary as well
as at the bottom of each well. The protein binding capacity and the reproducibility of each
well were measured and examined through wells located at different positions across a 96

well reactor plate.

As shown in Figure 3.2.1, 1 ug of acidified BSA standard in 20 uL solution was
introduced into the same well sequentially and the eluent (L1/L2/L3/L4) was collected
separately. The retained BSA standard was eluted from the well (E1/E2) using 25 uL elution
buffer (200 mM ammonium bicarbonate). The eluent collected for each step (E1/E2), along
with 2 ug of BSA standard (STD) were monitored for BSA by SDS-PAGE followed by
silver stain. The amount of BSA standard in each gel band was quantified using software
Image J. For gel band L1, the amount of BSA standard is below the sensitivity of the
software. Based on the total amount of BSA eluted in E1/E2, we found that the protein
binding capacity of a well was ~ 2 ug. We further found that the protein binding capacity
was consistent from well to well and protein samples can be fully recovered using 25 pL

elution buffer (200 mM Ammonium bicarbonate).
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3.2.4 Processing protein samples using the 96-well plate

The work-flow of sample processing through the plate reactor is shown in Figure
3.2.2 (a). The wells on the 96-well plate were first conditioned by flowing 200 pL of wash
buffer (§ mM potassium phosphate buffer, 20% (v/v) acetonitrile) through them. Once the
wells were conditioned, 10 to 200 puL of protein samples at pH ~ 2.0 (acidified by 5% (v/v)
of 1 M H3PO,) were mixed with ~ 0.5 pg of trypsin (inactive at pH 2.0). The samples were
applied to the wells and proteins retained by the SCX resin at the bottom of each well. The
retained protein samples were then washed with 30 pL of 10 mM potassium phosphate
buffer (pH 3.0) and 30 pL of deionized water successively. The wells were then dried.
Cysteine reduction occurred in the wells by adding 5 pL of 100 mM dithiothreitol and 10
mM ammonium bicarbonate (Reducing Buffer) for 30 minutes, after which the wells were
washed with 5 pL of 10 mM potassium phosphate buffer (pH 3.0) and dried. The digestion
of the protein was achieved by introducing 5 uL of digestion/alkylation solution (10 mM
iodoacetamide, 100 mM Tris-HCI, pH 8) in each well. The digestion was allowed to proceed
for 2 hours, after which the resulting peptides were eluted into a collection plate using a
volume of 25~30 pL of 200 mM ammonium bicarbonate (Elution Buffer). All the above

processes were carried out using a MultiScreen HTS vacuum manifold.

We used a P19 cell lysate to test the analytical performance of the 96-well reactor for
identifying proteins. Different amounts of protein extracts from P19 whole cell lysate (0.2,
0.5, 1.0, 1.5 and 2.0 ng) were processed on the reactor plate as described above, and the
resulting peptides were eluted in 25 pL of elution buffer. Eight pL were analyzed by HPLC-
ESI-MS/MS, and the resulting MS/MS were searched against the mouse taxonomy in the
NCBI nr database using Mascot.

It follows that 7, 11, 19, 35, and 68 proteins were successfully identified from the
different levels of the P19 cell lysate, respectively. This clearly demonstrates that the reactor
plate can efficiently processes complex protein mixtures from as little as 200 ng of total
protein lysate. It is worth noting that nearly 70 unique proteins were identified with high
confidence from less than 2 ug of untreated P19 whole cell lysate. Considering that only 8
pL of the final elution (25 pL) was analyzed, one protein was virtually identified per less
than 10 ng of total protein lysate introduced on the reactor well.
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3.2.5 Coupling of the Reactor Plate with SEC

We then coupled the reactor plate with size exclusion chromatography fractionation
of protein mixtures, as shown in Figure 3.2.2 (b), to create a completely gel-free technique
for protein sample processing. MCF7 cell lysate was fractionated and then the 96-well plate

reactor was used to process the fractions simultaneously.

The separation of 400 pg of MCF7 whole cell lysate was carried out using a
300%x7.80 mm (5 pum) BioSep-SEC-S 3000 analytical column (Phenomenex, Torrance,
USA). Samples were directly injected into the analytical column using a manual injection
valve (Valco, Houston, TX) equipped with a 100-uL sample loop. The isocratic mobile
phase (50 mM NaH,PO,4) was delivered at 1 mL/min using an Agilent 1100 series micro-
bore HPLC system (Agilent Technologies, Palo Alto, CA). The protein -elution
chromatography was monitored at 220 nm using a variable wavelength UV detector, and 40
fractions were collected based on the elution time. About 200 pL of eluent was collected for
each fraction. 100 pL of eluent from each of the 35 selected fractions were introduced into a

well on the plate reactor and processed as described before.

The chromatographic traces and the regions in which fractions were collected are
illustrated in Figure 3.2.3 (a). Eight uL of the 30 pL resulting peptide solution (27% of the
sample) were analyzed by HPLC-ESI-MS/MS using an LCQ Deca XP mass spectrometer.
During the course of 35 LC-MS runs, multiple columns and pre-columns have been used to

avoid issues associated with column aging.

The distribution of the number of proteins identified per fraction is illustrated in
Figure 3.2.3(b). A total of 1,917 proteins were identified across the 35 fractions with an
average of 55 proteins per fraction. From fractions B6 to C3, an average of 94 proteins per
fraction was identified. Once redundancy was removed, we obtained 875 unique proteins
based on a Mascot peptide threshold score of 20 and a protein score of 39. These results
clearly demonstrate that protein fractionation coupled to the reactor plate greatly enhances

the total number of proteins identified. Furthermore, as little as 10 ng of total protein lysate
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processed in the reactor was needed for each protein identification, which represents an

exquisite level of sensitivity.

3.2.6 Discussion
3.2.6.1 High Confidence in Protein Identification

The thresholds that were used for protein identification were stringent (an ion score
cut off of 20 for peptides and a protein score cut off of 39 for proteins) which led to the
identification of 875 unique proteins. As a result of the stringent searching criteria, 771
proteins were identified by at least two distinct peptides (with peptide ion scores higher than
or equal to 20), as shown in Figure 3.2.4. For those 104 proteins identified by a single
peptide, the lowest peptide score was 39. This stringent filtering is likely leading to a high
false negative level. A recent bioinformatic study of search engine ion score cut-offs reported
that a Mascot peptide score threshold of 20 provides a false positive rate below 1% (295).
Using these criteria (i.e. no protein score cut-off), we identified a total of 2,683 non
redundant proteins, the majority of which were single peptide identifications (1912) (Figure

3.2.4).

3.2.6.2 Efficacy of protein fractionation with SEC chromatography

Higher abundance proteins (i.e. proteins that have a higher Mascot score) tended to
spread over multiple fractions, while, as expected, proteins with a smaller number of hits
were found in a narrower range of fractions. Interestingly, of the 875 unique proteins
identified from the combined data file, nearly 300 proteins were identified only through the
combination of peptides identified in multiple fractions. This is probably related to the
limited duty cycle of the HPLC-ESI-MS/MS over a 2 hour total experiment, preventing a

significant number of peptides from being fragmented in each run.
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3.2.6.3 Factors Limiting the Performance of the Plate Reactor

The overall performance of the plate reactor can be further improved. First, the
binding capacity of each well on the plate is 2 pg or less of protein. Even though 400 ug of
MCEF7 protein lysate were separated by size exclusion chromatography, no more than 70 pg
of the protein samples were loaded on the reactor plate for the 35 fractions. Hence,
increasing the well capacity or the number of fractions would increase the total sample load.
Second, to avoid saturating the pre-column, only 8 uL out of the 30 pL resulting peptides
from each reactor plate well were injected on the HPLC-ESI-MS/MS for protein
identification. Increasing the HPLC capacity or performing multiple runs from the same
sample would further enhance the performance (26-27). Third, rapid 2 hour gradients were
performed on the HPLC; increasing the duration of the gradient will increase the number of
MS/MS generated. Finally, more sensitive mass spectrometers with faster duty cycles should
also improve the performance of this approach (28). We recently demonstrated that changing
the mass spectrometer from an LCQ to an LTQ ion trap mass spectrometer can double the
number of proteins identified from one fraction, all other processing methods being the same

(data not shown).

3.2.7 Conclusions

In summary, we established a completely gel free approach for large scale protein
identification using a 96-well plate reactor to process 35 fractions of a size exclusion
chromatographic separation of MCF7 lysate. Under stringent criteria, a total of 875 unique
proteins were identified. A more relaxed ion score cutoff level associated with a 1% false
positive rate resulted in the identification of 2,683 unique proteins. This novel approach
proves to be very efficient and sensitive in processing minute amounts of protein samples,
demonstrated by one protein being identified per 3-10 ng of total protein lysate loaded on the

reactor plate.
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Figure Captions

Figure 3.2.1. Characterization of the 96-well SCX plate reactor. For L1/L2/L3/L4, 1 pg
of acidified BSA standard in 20 pL solution was introduced into a well sequentially and the
eluent was collected separately. For E1/E2, the retained BSA standard was eluted from the
well using 25 pL elution buffer (200 mM ammonium bicarbonate). The eluent collected for
each step, along with 2 pg of BSA standard (STD) were monitored for BSA by SDS-PAGE
followed by silver stain. The amount of BSA standard in each gel band was quantified using
software ImageJ. For L1, the amount of BSA standard is below the sensitivity of the
software. Reprinted with permission from Analytical Chemistry. Copyright © 2007,

American Chemical Society.

Figure 3.2.2 (a). The work flow of sample processing through the plate reactor. Details
are provided in the experimental section. (b). The coupling of the reactor plate with size
exclusion chromatographic fractionation of proteins. Four hundred pg of MCF7 whole
cell lysate was separated through size exclusion chromatography. Thirty five fractions were
collected and half of each fraction was introduced into a well on the reactor plate and
processed as described in the experimental section. The resulting peptides were eluted in a
volume of 30 puL, from which 8 pL was introduced into a LC-ESI-MS/MS system. Reprinted
with permission from Analytical Chemistry. Copyright © 2007, American Chemical Society.

Figure 3.2.3 (a). The size exclusion chromatographic separation of MCF7 whole cell
lysate recorded at 220 nm using a variable wavelength detector. For each fraction,
around 200 pL was collected for a time interval of 12 seconds (0.20 min). (b) The
corresponding total number of proteins identified in each of these 35 fractions. From
fractions B6 to C2, an average of 94 proteins per fraction was identified. Reprinted with

permission from Analytical Chemistry. Copyright © 2007, American Chemical Society.
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Figure 3.2.4. The distribution of proteins identified as a function of numbers of unique
peptides. Eight hundred seventy five unique proteins were identified; 104 proteins were
identified with a single peptide, and 771 proteins were identified with at least two unique
peptides when the Mascot protein and peptide score thresholds were 39 and 20, respectively.
When the protein score threshold was removed, 2683 unique proteins were identified; 1912
of these were identified with a single peptide. Reprinted with permission from Analytical

Chemistry. Copyright © 2007, American Chemical Society.
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Figure 3.2.2
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Figure 3.2
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Figure 3.2.4

The distribution of proteins identified
as a function of unique peptides

450 1912

400

350
€ 300
3
o
a 250
s
5 200
2
€ 150
4

100 104

0 . 5 = N I ._
1 2 3 4 5 6 7 8 9 10 =M1
Number of unique peptides per protein

102



3.3 Developing a SAX Proteomic Reactor

3.3.1 Introduction

Anion exchangers can also be used to capture proteins. For example, in the literature,
strong anion exchange (SAX) has been reported in phosphopeptide studies; whereas, weak
cation exchange (WCX) and weak anion exchange (WAX) have been used in few proteomic

experiments (29-36).

Important features of a proteomic reactor include an ability to modulate the affinity of
proteins and peptides for ion exchange material, and to modulate the activity of enzymes
while keeping the volume as small as possible. Changing the pH and ionic strength of
buffers modulates the affinity of proteins for the ion exchange material and activity of

enzymes; whereas, the volume of the sample can be minimized using microfluidic designs.

Outside their isoelectric points, proteins and peptides are charged and can form ionic
bonds with cation or anion exchange materials. Fortunately, the theoretical pl distribution of
the proteome shows that more than 99% of proteins are in the pl range of 2.5~12 (99.8% in
Saccharomyces Genome Database; 99.4% in IPI human 3.53 database; 99.6% in IPI mouse
3.53 database). Furthermore, over 96% of the predicted peptides resulting from the in silico
proteome digestion either by trypsin, chymotrypsin or Glu-C have a pl within the range of
2.5~12. This means that the complete proteome can be captured on the SCX proteomic
reactor as the pH is below 2.5, or retained on the SAX proteomic reactor when the pH is

above 12.

The selection of SCX and SAX material for the proteomic reactor needs to take into
account the extreme pH (2.5 and 12) used in the processes. For example, the routinely used
silica-based SAX and SCX beads cannot tolerate a high pH. Instead, therefore, we used the
rigid macroporous polystyrene-divinylbenzene (PS/DVB) polymer matrix derivatized with
chemically stable quaternized poly (ethylenimine) PEI (N(CHs);") groups to fabricate the
SAX reactor and sulfate groups (SO3’) for the SCX reactor. These materials are stable at
extreme pH (pH range from 1 to 14).
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Although our initial design of the proteomic reactor focused solely on the use of
trypsin to digest proteins, other proteolytic enzymes have been used in proteomics as well.
We are particularly interested in proteolytic enzymes that are active at physiological pH and
are inactive but stable at lower or higher pH. Some enzymes that are used in proteomics
such as Proteinase K (/&) and pepsin (37) only function at high or low pH. Other enzymes
such as Lys-C, Arg-C, and Asp-N (38-39) may also be suitable. One disadvantage of using
these enzymes is the relatively high costs. Chymotrypsin and Glu-C are suitable enzymes

because of their optimal pH for protein digestion (pH 8.0) and their low prices.

In this section, we demonstrate the development of the SAX proteomic reactor using
a standard protein mixture, where trypsin was used as the enzyme. We then demonstrated the
performance of the SAX proteomic reactors using yeast lysates in comparison to SCX-based
proteomic reactors. The data revealed that the SAX proteomic reactors enrich different
peptides than SCX-based proteomic reactors. Therefore, the combination of SCX and SAX

proteomic reactors increased the number of identified peptides and proteins by 50%.

3.3.2 Protein samples preparation and LC-MS/MS data analysis

Protein extract from yeast and standard proteins ovalbumin (A7641), fetuin A
(F3004), serum albumin (A9056), carbonic anhydrase 2 (C3934), serotransferrin (T1408)
and lysozyme C (L7651) were used in the study. Yeast samples and the standard protein
mixture were processed with both SAX and SCX proteomic reactor, where trypsin was used
for protein digestions. The resulting peptides were analyzed with a LTQ linear ion trap mass
spectrometer (Thermo Electron, Waltham, MA). The MS/MS spectra from the yeast sample
were searched against a database consisting of the Saccharomyces Genome Database
(http://www.yeastgenome.org/, 6716 protein entries, released December 2, 2008) and the

reverse sequence of all protein entries. Details were described in chapter 2.
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3.3.3 Construction and characterization of SAX proteomic reactor

A capillary tubing (200-pm i.d.) was used to construct the proteomic reactor. Briefly,
a frit was formed at one end of fused silica tubing using a mixture of potassium silicate
(KASIL 1, PQ Corporation, Valley Forge, PA) and formamide with a volume ratio of 11:2.
After leaving the fritted tubing at ambient condition for at least 24 hours, a 5 cm long reactor
was constructed by pressure packing (400 psi) a slurry of SAX beads (10 um, Polymer

Laboratories, Varian, Inc.) from the open end of the capillary tubing.

The capability of the novel SAX proteomic reactor to retain proteins was evaluated
using a mixture of protein standards, including ovalbumin (pl: 5.19), fetuin A (pl: 5.26),
serum albumin (pl: 5.82, carbonic anhydrase 2 (pl: 6.41), serotransferrin (pl: 6.75) and

Lysozyme C (pl: 9.36). These protein standards were present at equimolar concentration.

Two and 10 pg of the protein standard mixture, alkalified with ammonium hydroxide
(pH 12), was loaded onto a SAX reactor, respectively. The SAX reactor was then washed
with an alkaline buffer (3 N ammonium hydroxide, pH 12, 20 puL) and dried. The retained
proteins were then eluted with acidic buffer (0.5% formic acid (v/v), pH 2.5). The flow-
through solutions of each step were collected for SDS-PAGE analysis. There are no protein
bands detected by SDS-PAGE and colloidal blue staining (nanogram-level sensitivity) in the
flow through and wash fractions at 10 pg and 2 pg sample amounts (Figure 3.3.1). The
observation indicates that the protein samples are retained by the SAX reactor at pH 12 and
are not affected by the washing step. The pattern of elute fraction collected from SAX
reactor is the same with that of the control, suggesting that all the protein standards with
different pls can be effectively eluted with the acidic buffer at pH 2.5, with almost 100%

recovery.

3.3.4 Development of a SAX reactor using a mixture of standard proteins

The performance of the novel SAX proteomic reactor was first evaluated using a

mixture of protein standards, as described in the previous section.
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As shown in Figure 3.3.2, 10 pg of protein samples and trypsin (4:1, w/w) were alkalified
with ammonium hydroxide (pH 12) prior to being loaded at 150 psi onto the SAX reactors.
The SAX reactor was then washed with an alkaline buffer (20 uL of 3N ammonium
hydroxide, pH 12,) and dried. The proteins retained on the reactors were then subjected to
disulfide bond reduction by introducing the reduction buffer (50 mM dithiothreitol, 20 mM
ammonium bicarbonate, pH 8.0) into the reactor, which lasts for 30 min at room temperature.
The reactors were then washed with 5 pL of 20 mM ammonium bicarbonate buffer (pH 8.0)
and dried. The reduced proteins were then subjected to simultaneous alkylation and
enzymatic digestions by introducing the digestion buffer (10 mM iodoacetamide, 20 mM
ammonium bicarbonate, pH 8.0) into the reactors for 2 h at 37 °C. The resulting peptides

were eluted with acidic buffer (0.5% formic acid (v/v), pH 2.5).

The mixture of protein standards was also processed with SCX proteomic reactors
and the conventional in-solution digestion, as described in the experimental section. Tryptic
digestions of 10 pg of protein samples were repeated 2 times for each of the 3 protein
digestion methods and an equivalence of 1 pg of initial protein sample was used for each

LC-MS/MS analysis. The proteins and peptides identified were compared.

All six proteins were identified following digestion on the SAX reactor using as little
as 1 ug of the protein mixture (Table 3.3.1). The SAX reactor showed a slight improvement
in the number of identified peptides compared to the SCX reactor and in-solution digestion,
but overall the SAX and SCX reactors had similar identification capabilities at the unique
peptide level. The SAX reactor also showed higher sequence coverage of two standard
proteins (ovalbumin and serotransferrin) than SCX reactor. For the SAX and SCX reactors,
the overlap between unique peptides found in the two repeated runs was up to 90%. This
supports the reproducibility of the performance of SAX and SCX reactors. Overall, these
results show that the SAX reactor is suitable for in-reactor digestions using the procedures

mentioned above.
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3.3.5 A comparison of the performance of SAX and SCX reactors using trypsin for

processing yeast samples

The performance of the SAX and SCX proteomic reactors were further compared for
analysis of the yeast proteome. 2 ug of yeast lysates were processed with SAX and SCX
proteomic reactors in triplicate, respectively. The data obtained was shown in Table 3.3.2.
The number of identified unique peptides using either SAX or SCX reactor is similar,
suggesting SAX is also suitable for processing complex proteomic samples. It is interesting
to notice that 24% more unique proteins (286 vs. 230) were identified on the SAX reactor
compared to the SCX reactor, although they identified an almost equal amount of unique

peptides.

We further compared the unique peptides and proteins that were identified on the
SCX and SAX proteomic reactors (Figure 3.3.3A and B). Both SAX and SCX reactors
showed high reproducibility in yeast peptide/protein identifications, where more than 60%
unique peptides and 65% proteins overlapped between different runs for each approach.
Although the total number of unique peptides observed from SCX and SAX are similar, only
around 40% of the identified peptides overlapped (Figure 3.3.3A). In addition, the overlap in
proteins identified with SCX and SAX reactors is also low (Figure 3.3.3B).

Figure 3.3.4a shows the overlap in unique peptides and proteins between the
combined data of three LC-MS/MS runs using SAX and SCX reactors. It can be seen that the
unique peptides and proteins only identified by SAX reactor are 51% (376/733) and 49%
(113/230) of the total unique peptides and proteins identified by SCX reactor. This suggests
that combining the SAX and SCX reactor increases the number of unique peptides and
proteins identified by 50%. Zooming on two proteins (YGR009C, YHR174W) identified
from both SAX and SCX reactors (Figure 3.3.4b), it is clear that the unique peptides
identified from SAX and SCX reactor were normally mapped to different sequence locations
in these proteins. Therefore, extensive sequence coverage can be obtained by using both the

SAX and SCX proteomic reactors in combination.
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Figure 3.3.5 further delineated the theoretical pl distributions of the identified unique
peptides from both the SAX and SCX reactors. The unique peptides were grouped according
to their theoretical pl that was calculated by Compute pl
(http://web.expasy.org/compute pi/). It can be seen that the majority of the peptides
obtained from both the SAX and SCX reactors have pls lower than 7. Differences in the pl
distribution were observed between the SAX and SCX proteomic reactor approaches, where
the SAX reactor approach identified more acidic peptides (~9%), although the total number
of unique peptides identified was similar (Table 3.3.2). At the protein level, among the 286
proteins identified with the SAX reactor approach, around 70% exhibited pls below 7; while
among the 230 proteins identified with the SCX reactor approach, around 56% had pls below
7. In other words, the SAX reactor identified 14% more acidic proteins than the SCX reactor.
These data indicated that the SAX reactor was biased for relatively acidic proteins/peptides
and the SCX reactor for relatively basic protein/peptides.

3.3.6 Conclusions

Our new version of the proteomic reactor, the SAX reactor, is capable of identifying
a greater number of acidic peptides and proteins compared to SCX proteomic reactor. The
data also demonstrated that the SAX reactor was complementary to the SCX proteomic
reactor for peptide and protein identification. The SAX reactor was biased for relatively
acidic proteins/peptides and the SCX reactor for relatively basic protein/peptides. The
combination of the two proteomic reactors leads to an overall increase in the number of

unique peptides and proteins identified.

3.4 Chapter Summary

In summary, we developed different versions of microfluidic proteomic reactors,
namely, the SCX proteomic reactor, the 96-well SCX plate reactor, and the SAX proteomic
reactor, for processing complex protein samples. These microfluidic proteomic reactors

provided an integrated platform for efficiently and reliably processing minute amounts of
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protein samples. The reactor digestion technique led to approximately 10 times more protein
identifications than the in-solution digestion technique. In addition, the 96-well SCX plate
reactor was suitable for simultaneously processing multiplexed protein samples in parallel,
and the SAX reactor was found to be complementary to the SCX proteomic reactor for
peptide and protein identification. The combination of the SCX and SAX proteomic reactors

would lead to an overall increase of unique peptides and proteins identified.
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Table 3.3.1 Protein/peptide identification and protein sequence coverage obtained as
using SAX and SCX reactors to process standard protein mixture

Results Protein sequence coverage
. Fetuin A Serum Carbonic .
Digestion . Unique . Ovalbumin (pL: 5.26) albumin anhydrase 2 Serotr.ansferrln Lysolzyme C
Peptides . Proteins (pL: 5.19) . . (pl: 6.75) (pl: 9.36)
methods Peptides (42.9 kDa) (384 (pl: 5.82) (pl:6.41) (77.8 kDa) (16.2 kDa)
) kDa) (69.3 kDa) (29.1 kDa) ) )
SAX 1 293 105 6 63.7% 30.6% 50.9% 69.6% 60.8% 44.9%
SAX 2 305 107 6 68.7% 35.4% 51.6% 60.0% 59.5% 40.8%
SCX 1 246 111 6 58.0% 28.1% 47.0% 67.3% 54.3% 34.7%
SCX 2 225 113 6 46.4% 34.3% 52.1% 64.2% 54.7% 42.9%
Solutionl 229 94 6 41.2% 38.4% 54.0% 63.1% 42.8% 59.9%
Solution2 194 98 6 48.5% 38.4% 51.7% 71.2% 48.0% 59.2%
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Table 3.3.2 Summary of the number of unique peptides and proteins identified from

yeast sample using the SAX and SCX reactors.

SAX Reactor SCX Reactor

Mrun | 2™run |3 run | combined | ¥ run | 2" run | 3" run | combined
Peptides 1397 1431 1542 | 4370 1694 1516 1539 | 4749
Unique 514 533 539 727 550 523 521 733
Peptides
Proteins 210 230 220 286 189 178 174 230
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Figure Captions

Figure 3.3.1 SDS-PAGE analysis of flow-through, wash and elute fractions of SAX
reactor using standard proteins. Total is the total standard protein mixture as a control; FT
is the flow-through fraction (at pH 12); Wash is the wash fraction (at pH 12); Elute is the
elute fraction (at pH 2.5). Adapted with permission from Analytical and Bioanalytical
Chemistry. Copyright © 2010, Springer.

Figure 3.3.2 Flowchart of protein processing steps using SAX proteomic reactor. (a)
Protein sample preparation. (b) SAX reactor: (1) Protein sample was mixed with trypsin (4/1,
w/w), alkalified by adding ammonium hydroxide and loaded onto the SAX reactor; (2) after
washing and drying, the reduction buffer (50 mM dithiothreitol, 20 mM ammonium
bicarbonate, pH 8.0 ) was introduced onto the reactor, and the proteins present on the reactor
were subjected to disulfide bond reduction; after another washing (5 uL of 20 mM
ammonium bicarbonate, pH 8.0) and drying, the digestion buffer (10 mM iodoacetamide, 20
mM ammonium bicarbonate, pH 8.0) was introduced onto the reactor to perform alkylation
and tryptic digestion; (3) the resulting peptides were then eluted with acid buffers (0.5%
formic acid, pH 2.5). (c) The resulting peptides from the SAX reactor were analyzed by LC-
MS/MS. Adapted with permission from Analytical and Bioanalytical Chemistry. Copyright
© 2010, Springer.

Figure 3.3.3. Reproducibility of unique peptide (a) and protein (b) identified using SAX
and SCX reactors. The unique peptides and proteins identified were compared between
experiments using the same type of proteomic reactor technique (SCX or SAX) or different
types of proteomic reactor techniques (SCX or SAX). Both SAX and SCX reactors showed
high reproducibility in peptide/protein identification between different runs using the same

type of proteomic reactor technique (SCX or SAX). The overlap in peptide/proteins

112



identification using different types of proteomic reactor techniques (SCX or SAX) was low.
Adapted with permission from Analytical and Bioanalytical Chemistry. Copyright © 2010,
Springer.

Figure 3.3.4. (a) Overlap between unique peptides and proteins identified with SAX
and SCX reactors. (b) Differences in sequence coverage for protein YJR009C and
YHR174W identified with SAX reactor (blue) and SCX reactor (red). Adapted with
permission from Analytical and Bioanalytical Chemistry. Copyright © 2010, Springer.

Figure 3.3.5. Theoretical p/ distributions of unique peptides and proteins identified by
SAX and SCX reactors. X-axis: theoretical p/ regions; Y-axis: percentage of identified
unique peptides in a given p/ region. Using the combined data from three LC-MS/MS runs.
Adapted with permission from Analytical and Bioanalytical Chemistry. Copyright © 2010,
Springer.
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Figure 3.3.2
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Figure 3.3.3
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Figure 3.3.4
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Figure 3.3.5
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Chapter 4 Developing a nano-flow HPLC-
ESI-MS/MS methodology for the analysis
of Platelet Activating Factor (PAF) family
and Iyso-glycerophosphocholine (LPC)
lipids

4.1 Developing a nano-flow HPLC-ESI-MS/MS methodology for the analysis of Platelet

Activating Factor (PAF) family of lipids over the course of neuronal differentiation
4.1.1 Introduction

Glycerophospholipids are important structural lipids in neuronal membranes (/).
Both enzymatic modification by phospholipase A;, A, C, and D and non-enzymatic
oxidation produces key cellular second messengers including arachidonic acid, eicosanoids,
diacylglycerols, and platelet activating factors (PAF) and PAF-like lipids (2-3). Enhanced
synthesis of bioactive glycerophospholipids during brain development is implicated in
control of proliferation of neural precursor cells and differentiation of neuronal and glial
lineages 4). In adult tissue, increased glycerophosphocholine and
glycerophosphoethanolamine concentrations in brain and cerebrospinal fluid are associated
with a more rapid cognitive decline in Alzheimer disease (5). Changes in the relative ratio of
glycerophospholipid subclasses are also believed to both promote neural cell survival and
participate in neuronal death in Parkinson’s disease, stroke, and spinal cord injury depending
upon which subspecies are generated within the injured microenvironment (2, 4, 6).

Mechanistic insight, however, has been complicated by the difficulties associated with
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identifying and quantifying changes in individual molecular species within complex

biological samples composed of several thousand lipids.

The PAF subclass of glycerophospholipids are purported to be key mediators of
neuronal differentiation and neuronal cell death in vitro and in vivo (7-15). PAF synthesis
occurs through two enzymatic pathways: de novo and remodeling (Figure 4.1.1). Canonical
PAF lipids are defined by alkyl ether linkage at the sn-1 position, a short chain acyl group at
the sn-2 position, and a phosphocholine, phosphoethanolamine, or phosphatidic acid at the
sn-3 position, however 1-acyl-2-acetyl-sn-glycero-3-phosphocholine species are also
produced at significant levels in brain (/6-19). Moreover, PAF-like lipids with 4-8 carbon
side-chains at the sn-2 position can be generated by non-enzymatic oxidation of sn-2 acyl
fatty acids chains in structural membrane glycerophospholipids (20). It is not known whether
specific PAF subspecies are preferentially generated over the course of neuronal

differentiation or neurodegenerative disease.

To date, LC-ESI-MS has proven the most successful in simultaneous detection of
multiple glycerophospholipid subspecies at the molecular level. Application of 2-
dimensional (2-D) maps of elution time and mass provides a useful means of profiling
subclasses within complex samples (2/). New tandem mass spectrometry (MS/MS)
advances in combination with multiple linear regression modelling has significantly
enhanced the capacity to subsequently resolve and quantify molecular subspecies (22).
However, these techniques have yet to be applied to a comparison of lipid species in lipid-
enriched neural samples extracted over the course of differentiation or disease. Here, we
describe a method to screen, identify, and quantify changes in glycerophospholipid family
members that can be used to compare multiple bioactive subspecies generated over the

course of neuronal differentiation.

In our approach, nanoflow rate HPLC is combined with positive ion mode ESI-MS to
generate 2D profiles of the glycerophospholipid contents of undifferentiated and
differentiated PC12 cells. The utilization of precursor ion scans for fragments characteristic

of PAF family members and the standard additions of PAF subspecies allows for the
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absolute quantitation of PAF molecules during cell differentiation. We show, for the first
time, that the combination of nanoflow rate HPLC with different MS techniques allows the
analysis of lipid extract and the specific quantitation of PAF family members from as little as

70,000 PC12 cells.

4.1.2 Experiments

Glycerophospholipids were extracted from undifferentiated rat pheochromocytoma
PC12 and NGF (nerve growth factor)-differentiated PC12 cells according to a modified
Bligh/Dyer procedure (23). Lipid extracts were analyzed with a 2000 Q TRAP mass
spectrometer (Applied Biosystems/MDS Sciex, Concord, ON) integrated with a micro flow
1100 HPLC system (Agilent, Palo Alto, CA). Enhanced MS scan, precursor ion scan and
extracted ion chromatogram (XIC) was applied for detecting and highlighting the lipid
species of interest. Absolute quantification of C16:0, C18:0 PAF and C16:0, C18:0 lyso-PAF
were performed using standard addition approach, where 5 standard solutions containing
200, 400, 600, 800, and 1000 pg each of C16:0, C18:0 PAF and C16:0, C18:0 lyso-PAF were
used in the experiment. At each standard addition concentration, samples were analyzed in
triplicate. Therefore a total of 15 LC/MS runs were required for the quantification of the 4
PAF species of interest in each sample. Other details of these experiments were described in

chapter 2.

4.1.3 Profiling glycerophospholipid changes by 2-D mapping

Glycerophospholipid extracts from PCI12 cells (non-differentiated vs. NGF-
differentiated) were first screened over the range of m/z from 450 to 600 with enhanced MS
scan in positive ion mode. The range of m/z from 450 to 600 covers the PAF family
members. Typical spectra are presented as 2-D maps of m/z versus elution time with relative

glycerophospholipid abundance indicated in colour (Figure 4.1.2). Figure 4.1.2 shows that
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the reversed-phase C18 nanoflow liquid chromatography has provided adequate peak

capacity for separating the lipid species of interest.

Glycerophosphocholine subclasses, where the PAF family members belong to, were
further assessed using precursor ion scan of m/z of 184.0, representing the ionized
phosphocholine polar head group. Typical spectra of precursor ion scans are presented in
figure 4.1.3, also as 2-D maps of m/z versus elution time with relative abundance indicated
in colour. The candidate species of the glycerophosphocholine subclasses can then be
estimated on the basis of theoretical mass and elution time. The list of these candidate lipid
species are not included in the thesis, as the primary focus of the chapter is the development
of a HPLC-MS/MS based analytical approach for the identification and quantification of the
PAF family species in non-differentiated and NGF-differentiated PC12 cells.

The recorded 2D maps were reproducible over multiple runs. As well, the lipid
species of interest recorded on the 2D maps of PC12 and differentiated PC12 could be
readily assigned based on the elution time and the m/z. Variation on the m/z axis was on
average 0.13 Da and 0.4 minutes on the elution time axis and did not vary between
conditions (non-differentiated vs. NGF-differentiated). Secondly, an increase in the number
of glycerophosphocholine species were detected in NGF-treated PC12 cells (Figure 4.1.3b)
compared to undifferentiated precursors (Figure 4.1.3a) despite an overall decrease in
glycerophospholipids observed following differentiation (Figure 4.1.2). Third, the number
of glycerophosphocholine species detected within the scan range of 450 to 600 Da is higher
than that previously observed over the same m/z range for mouse B-cell NS-1 cells (21).
This may reflect the cell-specific differences in lipid metabolism. However, this is also likely
attributed to the high sensitivity of the analytical methodology we have developed, where

nanoflow rate HPLC was integrated with a more sensitive mass spectrometer.
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4.1.4 Differentiation of PAF species from other isobaric lipid species

We intend to identify and quantify the absolute amount of the PAF family species in
the complex lipid extracts of non-differentiated and NFG-differentiated PC12 cells. As there
is no stable isotope labelled standards available for the PAF family species at the time of the
experiment, we use the synthetic standards of the PAF family species, namely, PAF C16,
lyso-C16, PAF C18, and lyso-C18, for identification and quantification of endogenous PAF
family species in lipid extracts of non-differentiated and NFG-differentiated PC12 cells. The

identification was carried out by the standard addition approach.

First, we needed to clearly identify the PAF family species and distinguish these
species from any isobaric lipid species. Figure 4.1.4a shows the 2D spectra of the 4 synthetic
standards of the PAF family species, where m/z of these protonated lipid standards and the
corresponding elution time were recorded. During the process of standard addition, we
spiked lipid extracts from PC12 and NGF-differentiated PC12 cells with 200-1000 pg of the
synthetic standards (Figure 4.1.4 b, ¢). The PAF family species (C16:0, C18:0 PAF and
C16:0, C18:0 Iyso-PAF) in the lipid extracts from PC12 cells can be clearly identified by
comparing the elution times recorded in 2D spectra of “neat” lipid standards (Figure 4.1.4a)

and “spiked” samples (Figure 4.1.4b, c).

Figure 4.1.4 shows the appearance of considerable tailing on the 2D maps, even with
pure standards (Figure 4.1.4a). This is mostly contributed to the colour coding of relative
abundance used by the Analyst software. To validate our identification of the four PAF
family species and ensure that inclusion of molar excesses of lipid standards would not mask
detection of endogenous glycerophosphocholine species in biological samples, extracted ion
chromatographs (XIC) were performed for the four PAF family species, as shown in Figure
4.1.5a-d respectively. The precursor ion scan at m/z 184 highlighted any
glycerophosphocholine species, which contains a phosphocholine polar head group. As
results, isobaric glycerophosphocholine species are identified in the 2D maps. However,
these multiple isobaric glycerophospholipids can be clearly differentiated by closer

examination of the extracted ion chromatographs (XIC) (Figure 4.1.5a-d). For example, 1-
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hexadecanoyl-2-formyl-glycerophosphocholine (PFPC), which is isobaric with C16:0 PAF in
positive ion mode (24), elutes earlier than C16:0 PAF as previously reported (25). This can
be clearly separated and identified in the XICs (Figure 4.1.5¢).

4.1.5 Quantitation of PAF family species based on the standard addition approach

Further mechanistic insight into the role of these changes in glycerophosphocholine
families in developing neurons requires an efficient and sensitive means of identifying and
quantifying individual molecular species. To this end, we focused on developing a
quantitative analysis of changes in the phosphocholine-PAF species (C16:0, C18:0 PAF and
C16:0, C18:0 lyso-PAF), which are of interest over the course of neuronal differentiation.
To develop standard curves, four synthetic PAF standards with defined sn-1 and sn-2 chains
and a phosphocholine sn-3 head group were used; namely C16:0, C18:0 PAF and C16:0,
C18:0 lyso-PAF. We included C18:0 PAF as a negative control as our analysis predicted
that the octadecyl-PAF species was present at concentrations below detectable levels in both

PC12 and NGF-differentiated PC12 cells.

The standard addition method was used to quantify the absolute levels of the PAF
subspecies present in the sample (Figure 4.1.6). Each standard addition, containing 200, 400,
600, 800, and 1000 pg of C16:0, C18:0 PAF and C16:0, C18:0 /lyso-PAF, was repeated in
triplicate. Peaks of interest were identified (m/z 482.4, 524.3, 510.4, 552.4) based on eluting
time and their areas were calculated using the Analyst software. The endogenous PAF
species C16:0 LPC (m/z 496.3, elution time 9.60 min) was used to correct the variation in
intensity between the multiple MS runs for lipid extracts from non-differentiated and NGF-
differentiated PC12 cells, respectively. This allowed for the correction in intensity variation
within a standard addition experiments related to one sample due to changes in alignment
and MS performances. Native PAF subspecies concentrations were then determined from
the x-intercept using linear regression analysis (Figure 4.1.6a-f). Cook’s distance analysis of
residuals was performed to identify sample outliers that aberrantly influenced regression

outcome (26). The absolute level of PAF species were then calculated according to the
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number of cells utilized. Data were expressed as ng per 10° cells (Table 4.1.1). Results
indicate a 16-fold increase in C16:0 /yso-PAF, an 8-fold increase in C16:0 PAF, and a 3-fold
increase in C18:0 /yso-PAF. C18:0 PAF levels remained below level of detection and were

not identified in either PC12 cells or NGF-differentiated PC12 cells.

Further, we used a synthetic internal standard C13:0 LPC not naturally produced by
mammalian cells (27) to validate the range of linearity of the standard addition approach
developed in this work. First, equal amounts (2 ng) of a synthetic internal standard C13:0
LPC were added to serially-diluted PC12 lipid analytes. The integrated peak intensities of
endogenous C16:0 LPC (m/z 496.3, elution time 9.6 min) in each sample were normalized to
that of the spiked internal standard C13:0 LPC (Figure 4.1.7a). A linear response was
established with normalized peak intensities corresponding to C16:0 LPC falling within the
linear range between analyte dilution factors 1-16. The second experiment, (Figure 4.1.7b)
reverses the conditions. We maintained the same sample concentration but added increasing
amounts of C13:0 LPC from 2 to 10 ng, which exceeded the maximum amount of lipid
standards spiked in the testing samples for quantification. The expected linear response was
observed when integrated peak intensities of C13:0 LPC were normalized to the endogenous
standard C16:0 LPC (Figure 4.1.7b). These data indicates that quantification of the 4 PAF
family species was performed within the range of linearity of the standard addition method

developed in the work.

4.1.5 Conclusions

Here, we describe a rapid means of profiling changes in glycerophospholipids with
identification and quantitation of glycerophosphocholine species following induction of
neuronal differentiation. The combination of nanoflow rate HPLC with ESI-MS in different
scan modes facilitated comparison of multiple species in total lipid 2D maps. In this study,
we show that the standard addition of synthetic PAF subspecies allows for absolute
quantitation of the changes in PAF family members following neuronal differentiation.

Surprisingly, a marked asymmetry was detected in the two predominant PAF species (C16:0,
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C18:0) produced by NGF-treated PC12 cells. Differentiation to a peripheral neuronal
phenotype was associated with increases in C16:0 PAF and, more dramatically, with
production of its immediate precursor and metabolite C16:0 /yso-PAF. C18:0 PAF was
below limits of detection in both PC12 precursors and differentiated neurons. Interestingly,
C18:0 Iyso-PAF levels were elevated albeit at much lower concentrations than C16:0 /yso-
PAF. When placed in context with evidence that C18:0 PAF increases in neural fluids
following neuropathological challenge, these data point to a quantifiable difference between
PAF molecular species produced by differentiating and damaged neurons. The methodology
described here will enable a means of screening and comparing changes in
glycerophospholipids, specifically PAF species, by neurons and glia during central and
peripheral nervous system development and over the course of progressive
neurodegenerative disease. This quantitation is critical to pursuing mechanistic insight in the

role of glycerophospholipids in neuronal differentiation and death.
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Table 4.1.1. LC-MS/MS quantitation of PAF in PC12 cells and NGF-differentiated
PC12 cells.

PAF species WT-PCI12 NGF-driven diffentiated
(ng/10° cells) PC12 (ng/10° cells)

C16:0 Lyso-PAF 1.8+£0.3 29.0+£1.8

C18:0 Lyso-PAF 0.5+0.1 43+1.0

C16:0 PAF 1.8+£0.3 57£1.0

C18:0 PAF 0.5+£0.5 0.0+£3.5
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Figure Captions

Figure 4.1.1. Enzymatic and non-enzymatic generation of PAF family members. PAF
species are synthesized through the PAF remodeling pathway (red), de novo synthesis (blue),
or direct oxidation of membrane lipids (green, enzyme-independent). Predominant
molecular species generated by enzymatic synthesis in brain are the C16:0 and C18:0 PAF
family members. Oxidation generates PAF-like family members with longer chain fatty
acids (up to 8 carbons) at the sn-2 position (hatched green box). Reprinted with permission

from Analytical Chemistry. Copyright © 2007, American Chemical Society.

Figure 4.1.2. Glycerophospholipid profiles of PC12 cells over the course of
differentiation to a neuronal phenotype. 2-D spectra of mass versus elution time with
relative lipid abundance from (a) PC12 glycerophospholipid extracts spiked with 1000 ng of
C18:0 PAF and (b) glycerophospholipids extracted from PC12 cells differentiated to a
neuronal phenotype spiked with 1000 ng of C18:0 PAF. Relative lipid expression between
conditions was corrected based on the intensity of the exogenous C18:0 PAF. This standard
could be applied as endogenous C18:0 PAF was below limits of detection in both conditions.
The experimental conditions of the LC/MS-MS are described in the text. Reprinted with
permission from Analytical Chemistry. Copyright © 2007, American Chemical Society.

Figure 4.1.3. Glycerophosphocholine profiles of PC12 cells over the course of
differentiation to a neuronal phenotype. 2-D maps of mass versus elution time with
relative lipid abundance from (a) PC12 cells and (b) PC12 cells differentiated to a neuronal
phenotype. Spectra were obtained for glycerophospholipids and analysed in positive ion
mode using a precursor ion scan for an MS/MS fragment with a m/z of 184.0 to detect
phosphocholine-containing subspecies. The experimental conditions of the LC/MS-MS are
described in the text. Reprinted with permission from Analytical Chemistry. Copyright ©
2007, American Chemical Society.
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Figure 4.1.4. Identification of key PAF species from PC12 cells and PC12 cells
differentiated to a neuronal phenotype. 2-D spectra of mass versus elution time with
relative lipid abundance from (a) 1000 ng of C16:0, C18:0 PAF and C16:0, C18:0 /yso-PAF
standards, (b) PC12 glycerophospholipid extracts spiked with 1000 ng of C16:0, C18:0 PAF
and C16:0, C18:0 lyso-PAF and (c) glycerophospholipids extracted from PC12 cells
differentiated to a neuronal phenotype spiked with 1000 ng of C16:0, C18:0 PAF and C16:0,
C18:0 lyso-PAF. The experimental conditions of the LC/MS-MS are described in the text.
Reprinted with permission from Analytical Chemistry. Copyright © 2007, American

Chemical Society.

Figure 4.1.5. Identification of PAF family species from the isobaric lipid species using
extracted ion chromatography. Extracted ion chromatographs are shown for identifying
(a) C16:0 lyso-PAF, (b) C18:0 lyso-PAF, (c) C16:0 PAF, and (d) C18:0 PAF from PC12 cell
lipid extracts spiked with 200 ng of each standard used in standard addition. In (c), the peak
eluting at 11.42 min is consistent with previous reports of PFPC separation, a
glycerophospholipid isobaric with C16:0 PAF. Peak retention times were calculated by the
instrument software (Analyst 1.4.1). Reprinted with permission from Analytical Chemistry.

Copyright © 2007, American Chemical Society.
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Figure 4.1.6. Quantitation of PAF species from PC12 cells and PC12 cells
differentiated to a neuronal phenotype. Lipid extracts from PC12 cells and PC12 cells
differentiated to a neuronal phenotype were spiked with 200, 400, 600, 800, or 1000 ng of
C16:0, C18:0 PAF and C16:0, C18:0 lyso-PAF and analyzed in positive ion mode followed
by a precursor ion scan for masses having a m/z 184.0 MS/MS fragment. Each standard
addition was repeated in triplicate. Corresponding peaks of interest were identified (m/z
482.4, 524.3, 510.4, 552.4) and were normalized against the endogenous C16:0 LPC
standard to account for any trial variability within each standard addition point. Native PAF
species from the cell samples were calculated from the x-intercept using linear regression.
Data points depict mean of triplicate measurements * standard deviation. Reprinted with

permission from Analytical Chemistry. Copyright © 2007, American Chemical Society.

Figure 4.1.7. Validation of range of linearity of the developed standard addition
method for PAF species quantitation using an internal standard (C13:0 LPC) and an
endogenous standard (C16:0 LPC). (a) PCI2 lipid extract was serially diluted and
integrated peak intensity for C16:0 LPC (m/z 496.3, elution time 9.60 min) normalized
against 2 ng of internal standard C13:0 LPC was plotted. A linear relationship was observed
following normalization of C16:0 LPC to C13:0 LPC. (b) To further establish the linear
range of response, 2-10 ng of the synthetic internal standard (C13:0 LPC) was added to the
same PCI12 lipid extract. Variations in the integrated peak area of C16:0 LPC between
quadruplicate MS runs are indicated by the red boxes. To correct peak intensity for
variations across MS runs, the integrated peak areas of C13:0 LPC was standardized against
C16:0 LPC (yellow/black diamonds) demonstrating a linear range of response (y=0.087x-
0.045, R?=0.995). Reprinted with permission from Analytical Chemistry. Copyright © 2007,

American Chemical Society.
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Figure 4.1.1
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Figure 4.1.2
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Figure 4.1.3
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Figure 4.1.4
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Figure 4.1.5
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Figure 4.1.6
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Figure 4.1.7
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4.2 Applying nano-flow HPLC-ESI-MS/MS methodology for the analysis of Platelet
Activating Factor (PAF) family and lyso-glycerophosphocholine (LPC) lipid species in

complex biological samples

4.2.1 Introduction

The aberrant processing of the amyloid precursor protein to different assemblies of
amyloid B (AP) peptides ranging from 37 and 42 amino acids is an early and necessary
prerequisite for the development of Alzheimer Disease (AD) (28). The “amyloid cascade
hypothesis” defines generation of these smaller, toxic AP fragments, specifically soluble
A4, oligomers, as the root cause of AD (29). The severity of AD progression, however, is
highly correlated with the rate of abnormal tau processing, the other signature AD
pathology(30). Underlying molecular mechanisms linking A4, biogenesis to the aggregation
of normally soluble tau proteins into hyperphosphorylated oligomers, paired helical
filaments, and finally neurofibrillary tangles remain elusive. Indeed, whether AB4, signals
the post-translational modification of tau in human neurons is a matter of intense debate with

important therapeutic implications (37).

AB4, can activate cytosolic phospholipase A, (cPLA;) (32-33), a Group IVa PLA,;
that preferentially hydrolyzes arachidonic acid from the sn-2 position of 1-O-alkyl-2-
arachidonoyl- and 1-O-acyl-2-arachidonoyl-glycerophospholipids (34). Inhibiting cPLA;
activation completely attenuates AP, neurotoxicity; however blocking the different
metabolic arms of the arachidonic acid cascade confers only partial protection (32-33, 35).
Little 1s known about the fate of the glycerophospholipid backbone following the release of
arachidonic acid by cPLA,. The alkyl-lyso-glycerophosphocholines and [lyso-
phosphatidylcholines (LPCs) are of particular interest. These metabolites are biologically
active in their own right and can be further modified by lyso-phosphatidylcholine
acyltransferases (LPCATs). LPCAT activity also increases in AD(36), notably in the
posterior-temporal entorhinal cortex, a region characterized by the earliest tau pathology
(37). Transfer of a long-chain acyl group to the sn-2 position by LPCATI and 2 will

regenerate structural membrane lipids whereas addition of a small acetyl group produces a
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powerful family of lipid second messengers known as platelet activating factors (PAFs) (38).
PAF lipids signal neuronal death in ischemia, seizure, and AIDS dementia in vivo and have
been implicated in both A4, toxicity and the activation of tau kinases in vitro (7, 39-41).
Signaling is isoform-specific. Differences in the sn-1 carbon chain length and degree of
saturation determine whether activation of the PAF G-protein coupled receptor (PAFR) is

cytotoxic or cytoprotective (42-45).

In this section, we used an unbiased lipidomics approach to profile the
alkylacylglycerophosphocholine second messengers altered in AD. We found a selective
elevation in PAF species defined by a palmitic acid (16:0) at the sn-1 position in the
posterior-entorhinal cortex of individuals with AD, in TgCRNDS transgenic mice expressing
mutant human amyloid precursor protein, and in human neurons directly exposed to soluble

A4, oligomers.

4.2.2 Experiments

Glycerophospholipids were extracted post-mortem from the posterior/entorhinal
cortex of AD patients and control subjects. Glycerophospholipids were also extracted from
posterior temporal/entorhinal cortex of TgCRNDS transgenic mice. Human samples were
spiked with 187.5 ng C13:0 LPC at time of extraction. Human hNT neurons, generated from
NT2/D1 precursor cells(46), were treated with A4, (25 pM) to test whether A4, selectively
impairs neuronal C16:0 PAF metabolism. Glycerophospholipids were extracted according to

a modified Bligh and Dyer procedure.

Relative quantification of PAF family and LPC lipid species in lipid extracts from
AD patients and control subjects were carried out by normalizing the peak area of the lipid
species of interest against that of the C13:0 LPC internal standard. The synthetic lipid
standards d4-C16:0 PAF or d4-C16:0-lyso-PAF were spiked at the time of MS analysis for
facilitating the identification and quantification of endogenous C16:0 PAF or C16:0-/yso-
PAF.
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4.2.3 Results

4.2.3.1 Metabolism of C16:0 PAF is elevated in the posterior/entorhinal cortex of AD

patients

Glycerophospholipids were extracted post-mortem from the posterior/entorhinal
cortex of AD patients and control subjects. PAF isoforms were profiled by high performance
liquid chromatography electrospray ionization mass spectrometry (LC-ESI-MS) (47). Lipids
with mass to charge ratios (m/z) of 450-600 were analyzed in positive ion mode by MS scan
for a protonated molecule at expected m/z followed by precursor ion scan for a diagnostic
phosphocholine product ion at m/z 184. Peak intensities were standardized against C13:0
LPC, a synthetic internal standard added at the time of lipid extraction. Sixteen PAF species
and three lyso-PAF species were identified in human posterior/entorhinal cortex on the basis
of mass and retention time (Figure 4.2.1). Three of these species were significantly elevated
in AD cortex: 1-O-hexadecyl-2-acetyl-sn-glycero-3-phosphocholine (C16:0-PAF), its
immediate metabolite/precursor 1-O-hexadecyl-2-/yso-sn-glycero-3-phosphocholine (C16-
lyso-PAF), and 1-O-oleyl-2-lyso-sn-glycero-3-phosphocholine (C18:1 lyso-PAF).

As the elevations in C16:0 PAF and C16:0 /yso-PAF suggested a specific disruption
in the remodeling of palmitic acid containing-PAF through the Land’s cycle, we used
deuterated standards to verify the identity. Clear separation was obtained between C16:0
PAF and isobaric C18:0 LPC with the isoform altered in AD co-eluting with d4-C16:0 PAF
(Figure 4.2.2).

The analysis of glycerophospholipids extracted post-mortem from the
posterior/entorhinal cortex of AD patients and control subjects revealed that, expressed as
pg/mg of tissue (Figure 4.2.3), a significant increase from 258430 pM in control to 639+205
pM in AD cortex and from 316+25 pM in control to 1035+455 pM in AD cortex in C16:0
PAF and C16:0 lyso-PAF concentrations respectively.
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4.2.3.2 Disruption of C16:0 PAF metabolism is an early event in TgCRNDS8 mice

Aberrations in lipid metabolism in AD etiology that occur early and remain elevated
are predicted to have the greatest impact on neuronal function in diseased tissue. To
determine whether disruption of C16:0 PAF metabolism is an early event in AD, we
analyzed the posterior temporal/entorhinal cortex of TgCRNDS transgenic mice (48) (Figure
4.2.4 a). The TgCRNDS line expresses a double mutant form (M146L and L286V) of the
human amyloid precursor protein gene under the control of the prion protein promoter.
Pathogenic increases in cortical AB4y / AP4o ratios are first observed at 10 weeks of age
coincident with the onset of learning and memory impairment (48). Here, we found that
tissue concentrations of C16:0 PAF (Figure 4.2.4b) and C16:0 lyso-PAF (Figure 4.2.4c) of
10-12 week old TgCRND mice were already four-fold and two-fold greater than non-
transgenic (NonTg) littermates respectively. Tissue concentrations, expressed as pg/mg in
Figure 4.2.4, represent molar concentrations of 104+25 pM and 407+105 pM for C16:0 PAF
in NonTg and TgCRNDS and 268+135 pM and 5974320 pM for C16:0 /yso-PAF in NonTg
and TgCRNDS cortex respectively.

4.2.3.3 C16:0 PAF accumulates in human neurons treated with soluble A4, oligomers

Accumulation in C16:0 PAF may simply reflect a change in cell distribution, as seen
in experimental allergic encephalomyelitis wherein local tissue levels of total PAF lipids are
elevated by the influx of activated microglia actively metabolizing PAFs (49). To test
whether A4, selectively impairs neuronal C16:0 PAF metabolism, human hNT neurons
were generated from NT2/D1 precursor cells (46). Cultures were treated with AB4; (25 pM)
prepared as soluble oligomers (50). All treatments were carried out in serum-free media
containing 0.025% bovine serum albumin (w/v) to ensure neurons were not exposed to the
secreted PAF acetylhydrolase (PAF-AH) isoform present in serum supplements. No

degradation of exogenous PAF in media was detected under these conditions.
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A 24 h exposure to A4, caused significant neuronal death (Figure 4.2.5 a). Over the
course of treatment, C16:0 /yso-PAF concentrations increased steadily rising to 15-fold that
of control cultures (12+0.1 pM to 180+8 pM, Figure 4.2.5 b). Endogenous C16:0 PAF levels
initially dropped from 127+27 pM to 28+4 pM over the first 6 h of treatment and then
increased to 5-fold that of control levels within 24 h (619+115 pM, Figure 4.2.5 ¢). Taken
together, these data are consistent with a specific increase in cPLA,/LPCAT remodeling of
alkylacylglycerophosphocholines in response to oligomeric ABs,. Also intriguing was the
initial drop in endogenous C16:0 PAF levels suggesting a compensatory increase in
intracellular catabolism following acute exposure to A4, that was insufficient to prevent
intracellular accumulation of both C16:0 PAF and C16:0 lyso-PAF in human neurons

chronically exposed to Apas.

4.2.4 Discussion

In this study, we elucidate a new pathway of neuronal dysfunction triggered by
aberrant alkylacylglycerophosphocholine metabolism in response to oligomeric ABs. Our
lipidomics approach revealed a selective disruption in C16:0 PAF and C16:0 /yso-PAF
metabolism in the posterior/entorhinal cortex of AD patients, a region noted for the earliest
indication of tau pathology (37). We found that this disruption occurred early in disease
progression in TgCRNDS transgenic mice overexpressing mutant human amyloid precursor
protein, coincident with pathogenic increases in cortical APs, / AP ratios (48). In human
neurons, aberrant C16:0 PAF metabolism was elicited by direct exposure to soluble Aa;

oligomers.

The specificity of this metabolic disruption for hexadecyl-PAF was surprising. While
consistent with an upregulation in cPLA; and LPCAT activities observed in AD and in
response to AP4y (32-33, 36), structural lipids with a C16:0 sn-1 carbon-chain are not
normally preferentially modified. Moreover, LPCATI1 and 2 utilize 18:2- and 18:3-CoA
(LPCAT1) or 20:4-CoA (LPCAT?2) as preferred acyl substrates (38) and thus are more likely

to regenerate structural membrane lipids over PAF second messengers. Thus, our lipidomics
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profile may indicate a shift in substrate availability and/or specificity in diseased tissue. The
selective impairment in C16:0 PAF metabolism in response to oligomeric Afs,; may

represent a new potential target for therapeutic intervention in AD.

4.3 Chapter Summary

In summary, we developed a nano-HPLC-ESI-MS/MS-based analytical methodology
for the analysis of PAF and LPC lipid species in lipid extracts from cells and tissue samples
of mice and human. Absolute quantitation of PAF lipid species was performed with standard
addition approach, where the PAF subspecies standards of known amount were spiked into
lipid samples prior to MS analysis. The relative comparisons of other LPC lipid species of
interest between test samples and controls were carried out by spiking in identical amount of

non-endogenous C13:0 LPC standard at the time of lipid extraction.

We found a 16-fold increase in C16:0 lyso-PAF, an 8-fold increase in C16:0 PAF,
and a 3-fold increase in C18:0 lyso-PAF in lipid extracts from the NGF-differentiated PC12
cells as compared to the non-differentiated PC12 cells. An elevation of C16 PAF was further
identified in the posterior/entorhinal cortex of AD patients and TgCRNDS transgenic mice in
comparison to the respective human and mice controls. The methodology described here will
enable a means of screening and comparing changes in glycerophospholipids, specifically
PAF species, by neurons and glia during central and peripheral nervous system development
and over the course of progressive neurodegenerative disease. This quantitation is critical to
pursuing mechanistic insight in the role of glycerophospholipids in neuronal differentiation

and death.
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Figure Captions

Figure 4.2.1 Specific PAF metabolites accumulate in AD tissue. (a-p) Thirteen PAF
species and (q-s) three /yso-PAF species were detected in human posterior/entorhinal cortex
(by LC-ESI-MS. Species were identified on the basis of mass and retention time. Significant
changes in (h) C16:0 PAF, (q) C16:0 lyso-PAF, and (r) C18:1 lyso-PAF levels were detected
in AD tissue (n=4 individuals/condition). Data are expressed as fold change relative to
controls + SEM. (* indicates p<0.05, Student’s ¢ test). Reprinted with permission from
Proceedings of the National Academy of Sciences, USA. Copyright © 2009, National
Academy of Sciences, USA.

Figure 4.2.2 The identity of C16:0 PAF and C16:0 lyso-PAF were verified by co-elution
with deuterated standards. As PAF species can be isobaric with other
phosphatidylcholines, analytes were re-analyzed following spike with deuterated d4-C16:0
PAF or d4-C16:0 Iyso-PAF. Representative extracted ion chromatographs at m/z 524 (upper
panel) or 528 (lower panel) with a phosphocholine product ion at m/z 184.0 detected by
precursor ion scan in positive ion mode are presented. C16:0 PAF clearly separates from
isobaric C18:0 LPC (upper inset) and coelutes with ds-C16:0 PAF. Reprinted with
permission from Proceedings of the National Academy of Sciences, USA. Copyright ©
2009, National Academy of Sciences, USA.

Figure 4.2.3 C16:0-PAF and its immediate precursor and metabolite C16:0-/yso-PAF
accumulate in AD cortex. (a) PAF lipid species were identified in post-mortem human
posterior-entorhinal cortex by LC-ESI-MS. A significant increase in (b) C16:0 PAF and (c¢)
C16:0 Iyso-PAF levels were detected in AD tissue (n=4 individuals/condition). Data are
expressed as fold change relative to controls + standard error of measurement (SEM). Tissue
concentrations, expressed as pg/mg tissue wet weight, were calculated for C16:0 /yso-PAF

(¢) and C16:0 PAF (d) in comparison to deuterated samples spiked at the time of analysis
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(see Fig. 4.2.2). Each square represents an individual patient. (* indicates p<0.05, Student’s
t test). Reprinted with permission from Proceedings of the National Academy of Sciences,

USA. Copyright © 2009, National Academy of Sciences, USA.

Figure 4.2.4 C16:0 PAF and lyso-PAF concentrations are elevated in the entorhinal
cortex of TeCNRDS8 mice expressing mutant human amyloid precursor protein. (a)
Dissection coordinates of regions analyzed by LC-ESI-MS are indicated in blue. (b)
Absolute quantitation of C16:0 PAF and C16:0 lyso-PAF species was performed by standard
addition method (n=15 measurements/sample). Tissue concentrations of C16:0 PAF and
lyso-PAF concentrations were elevated in 10-12 week old TgCRNDS8 mice with the increase
in C16:0 PAF reaching statistically significance (*p<0.05, Student’s ¢ test, n=3
mice/condition). Reprinted with permission from Proceedings of the National Academy of

Sciences, USA. Copyright © 2009, National Academy of Sciences, USA.

Figure 4.2.5 C16:0 lyso-PAF and C16:0 PAF accumulate in human neurons treated
with soluble A4, oligomers. (a) Treatment of hNT neurons for 24 h with 25 uM A4,
prepared as soluble oligomers elicits significant death as assessed by TUNEL (left panel,
*p<0.05, Student’s #-test). Morphology of single hNT neurons (arrowhead) or aggregated in
bundles (arrows) on a feeder layer of non-neuronal cells (asterisk) after 24 h treatment with
vehicle (serum-free media + 0.025% BSA) (top right panel). Following A4, treatment
(bottom right panel), marked cell loss was evident with a reduction in the size of neuronal
bundles (arrows) and vacuolization of remaining neurons (arrowheads) without significant
impact upon feeder layer cells (asterisk). Scale bar 50 um. Intracellular (b) C16:0 /yso-PAF
and (c) C16:0 PAF levels were assessed in vehicle and APs,-treated cultures over a 24 h
period by LC-ESI-MS. Data are expressed as fold change relative to untreated hNT control
cultures grown in complete media + SEM. Exposure of cultures to serum-free treatment
media (vehicle) did not impact upon PAF metabolism. (b) Treatment with A4, prepared as

soluble oligomers steadily increased C16:0 /yso-PAF levels. (¢) A transient decrease in
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C16:0 PAF was detected within 6 h of exposure followed by a progressive increase in lipid
levels. (*p<0.05, **p<0.01, ANOVA, post-hoc Dunnett’s ¢ test). Reprinted with permission
from Proceedings of the National Academy of Sciences, USA. Copyright © 2009, National
Academy of Sciences, USA.
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Figure 4.2.2
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Figure 4.2.3
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Figure 4.2.4
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Figure 4.2.5
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Chapter 5 Developing a novel MS-based
approach for structural -elucidation of

diacyl glycerophospholipids

5.1 Introduction

Mass spectrometry has become the method of choice for lipid identification and
quantification (/-7). Unlike protein analysis where the identification is a “matching” process
between the peptide fragments of a protein and its genomic prediction (8), lipid identification
is inherently a “de novo” process where the structural elucidation of a lipid species is based
on the interpretation of mass spectrometry-derived structural information. In addition, due to
the great structural diversity of lipid species (9-10), there is no single platform capable of
identifying all lipid species. Therefore, comprehensive lipid profiling of a biological system

poses important technical challenges.

Glycerophospholipids play a wide variety of cellular roles in many eukaryotic cells
and their fatty acyl compositions are important parameters in regard to the functions they
played in a biological system. To date a diversity of mass spectrometric techniques have
been successfully employed in elucidating structures of glycerophospholipids, where
structural information pertaining to the polar head groups and fatty acyl moieties attached to
the glycerol backbone can be obtained either under negative ion mode or under positive ion
mode with metal ion adduction (/7-20). In eukaryotic cells, the linkages of the fatty acyl
moieties to sn2 position are always through esterification; while the bonding to sn/ position

could be acyl ester, alkyl ether, or vinyl ether linkages (4).

For diacyl glycerophospholipids, it is well documented that the relative abundance of
the fragment ions pertaining to the two fatty acyl moieties is associated with their
stereospecific position when they are subjected to fragmentation (//-20). For diacyl
glycerophosphoinositols (PI), however, the relative abundance of the two fatty acyl anions
recorded under negative ion mode depends on collision energy and the characteristics (e.g.
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length and number of double bonds) of the fatty acyl moieties (/5). Therefore the
stereospecific position number of the two fatty acyl chains cannot be determined using their
relative abundance. Instead, it has been suggested that the stereospecificity of diacyl
glycerophosphoinositols could be determined based on the relative abundance of their lyso-
form fragments, which correspond to the neutral loss of free fatty acids ((M-Snl]/ [M-Sn2])
and the neutral loss of fatty acids as ketene ([M-(Sn1-H,0)]/ [M-(Sn2-H,0)]), respectively
(15). Under low collision energy, it has also been observed for PA, PS, PG, and PE that the
lyso-form fragment ions corresponding to the neutral loss of fatty acyl moieties from the sn2
position ([M-Sn2]/ [M-(Sn2-H,O)]) normally exhibit higher intensities than their
counterparts ([M-Snl]/ [M-(Sn1-H,O)]), which are associated with the neutral loss from
snl position (11-14).

However, to date the structural information pertaining to the lyso-form fragment ions
has not been fully exploited for the purpose of determining the stereospecificity of diacyl
glycerophospholipids. One possible reason is that lyso-form fragment ions can only be
recorded using either neutral loss scans or product ion scans. Unfortunately, monitoring large
numbers of fragment ions for all the lipid species of interest using these approaches would
require significant effort. However, large numbers of fatty acyl anions can be readily
highlighted using multiple precursor ion scans (MPIS), fatty acyl scans (FAS), and
multidimensional mass spectrometry-based shotgun lipidomics (MDMS-SL) (7, 21-24).

Shotgun lipidomic approaches usually analyze lipid extracts without or with very
little pre-purification (/, 25-26). Most lipid species are thus analyzed under conditions
subject to interferences from other isobaric species (or lipid species with molecular ion mass
included within the isolation window for fragmentation) of the same class or other classes.
As a result, the peak intensities of some fatty acyl anions of interest can be the sum of
contributions from more than one lipid species. It is therefore very difficult to make correct
positional assignments using MS techniques that look only at fatty acyl anions and neglect
lyso-form fragment ions (e.g. FAS, MPIS, and MDMS-SL), especially when dealing with
complex mixtures. In addition, lipid species that are not present in the mixture can also be
wrongfully “identified” (false-positives) by associating two fatty acyl anions that are actually

from two different lipid species.
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In order to exclusively identify glycerophospholipids, it is desirable to include the
fragment ions that can provide connections between the fatty acyl moieties and their
respective molecular ions. There are reports that the fatty acyl chain positions of diacyl
phosphatidylcholines (PC) can be determined based on the relative abundance of their lyso-
form fragment ions, which were recorded in MS® mass spectra on an ion trap mass

spectrometer (27).

In this work, we report a novel methodology to fully determine the stereospecificity
of diacyl PA, PS, PG, PI, and PE. This methodology is based on the structural information
derived from both the acyl anions and the lyso-form fragment ions from MS? obtained using
a hybrid quadrupole time-of-flight (QqTOF) mass spectrometer. Unfortunately, previously
published works (7/-15) cannot provide all the information to develop this new methodology
because factors such as type of mass spectrometer and collision energy can significantly
affect fragmentation patterns (28-29). Therefore we examined a variety of diacyl
glycerophospholipid standards, including PA, PS, PG, PI, and PE, over a wide range of
collision energy. We found that the abundance of the lyso-form ions due to the neutral loss of
free fatty acids and fatty acids as ketene from sn2 position remained consistently higher than
the respective ions due to the neutral loss from the sn/ position. The optimization of the
collision energy for each lipid species allowed relatively abundant lyso-form fragment ions
to be recorded in MS® mass spectra in negative ion mode. It is therefore feasible to assign the
fatty acyl positions primarily based on the relative abundance of the lyso-form fragment ions
for PA, PS, PG, PI, and PE. Using this methodology, we then analyzed fatty acyl
compositions of glycerophospholipids in lipid extract from rat hepatoma cell line over
expressing lipin-1a, a protein involved in lipid metabolism (30-37). It was demonstrated that
the present novel approach is capable of accurately determining the stereospecific
information of diacyl glycerophospholipids even under interference from other isobaric lipid
species. In addition, this approach is capable of charting the fatty acyl moieties of diacyl
glycerophosphoinositols, which is impossible for methodologies that monitor only fatty acyl

anions.
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5.2 Experiments

The lipid standards and lipid extracts from rat hepatoma cells over expressing lipin-
la were introduced via direct infusion under negative ion mode to QSTAR Pulsar QqTOF
mass spectrometer (MDS Sciex, Concord, ON, Canada) for structure elucidation. The diacyl
glycerophospholipid standards PA (12:0/13:0), PA (17:0/14:1), PA (17:0/20:4), PS
(12:0/13:0), PS (17:0/14:1), PS (17:0/20:4), PG (12:0/13:0), PG (17:0/14:1), PG (17:0/20:4),
PI (12:0/13:0), PI (17:0/14:1), PI (17:0/20:4), PE (12:0/13:0), PE (17:0/14:1), and PE
(17:0/20:4) were used to reveal the fragmentation patterns of various
diacylglycerophospholipids with different combinations of fatty acyl chains attached at snl
and sn2 positions and polar head groups, as they are fragmented with different collision
energy (20 to 70ev). The relative abundance of fragment ions, including the fatty acyl anions
[FA1] and [FA2], lyso-form fragment ions [M-(Snl-H,0)], [M-(Sn2-H,0)], [M-Snl]’,
and [M-Sn2], and polar head group ions, were monitored. The study has revealed that the
relative abundance of lyso-form fragment ions ([M-(Sn2-H,O)] / [M-(Sn1-H,0)]’, and [M-
Sn2]" / [M-Snl]) was associated with the stereospecific positions of the two fatty acyl
moieties, and can be used to assign the fatty acyl chain positions of a unknown
diacylglycerophospholipid. This was demonstrated with lipid extracts from rat hepatoma
cells over expressing lipin-1a, where the fatty acyl moiety position were determined based
on the relative abundance of lyso-form fragment ions ([M-(Sn2-H,0)] / [M-(Sn1-H,O)]’, and
[M-Sn2]" / [M-Snl]’). Details of sample preparation and MS parameters are described in
chapter 2.

5.3 Fragmentation patterns of diacyl glycerophospholipid standards under different

collision energies
5.3.1 Overview

The fragmentation patterns of each individual glycerophospholipid class using
negative ion mode have been studied previously (/7-15). However, because factors such as

the type of mass spectrometer and collision energy can significantly affect fragmentation
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patterns (28-29), those studies did not provide all the information required to develop the
methodology reported in this work. Therefore, we first comprehensively analyzed tandem
mass spectra of a range of diacyl glycerophospholipid standards in negative ion mode over a
wide range of collision energy using a hybrid quadrupole time-of-flight mass spectrometer,
in order to examine the feasibility of using the relative abundances of acyl anions and lyso-
form ions to determine the stercospecificity of diacyl glycerophospholipids. Also the
optimum collision energy, permitting the recording of measurable abundances of product

ions suitable for structure elucidation, was determined for the different lipid standards.

This work was designed to examine all the diacyl glycerophospholipid species (PA,
PS, PG, PI, and PE) that are conventionally analyzed under negative ion mode as a whole
lipid class. The fragmentation patterns of PA standards are presented first, followed by
comparisons of fragmentation patterns of PS, PG, PI, and PE standards with respect to that of
PA. The similarities and differences in their fragmentation patterns can then be employed for

comprehensive structure elucidation.

5.3.2 Fragmentation patterns of molecular anions diacyl PA as a function of collision

energy

As described in the experimental section, PA (17:0/14:1) was studied over a wide
range of collision energy from 20 to 70 eV. Figure 5.1 shows representative tandem mass
spectra of the molecular anion of PA (17:0/14:1), recorded at selected collision energies. The
molecular ions were dominant in the spectrum recorded using a collision energy of 20 eV.
Increasing the collision energy to 30 and 40 eV led to observation of abundant fragment ions
corresponding to the two fatty acyl anions, polar head group, and 4 lyso-form fragment ions.
Further increase of collision energy beyond 50 eV led to observation of only the two fatty

acyl anions and the polar head group in high abundance.

Figure 5.2(a) shows that the acyl anions [FA1]” were more abundant than [FA2] over
the range of collision energy applied. Figure 5.2(b) summarizes the data for the lyso-form

fragment ions corresponding to the neutral loss of free fatty acids ([M-Snl] and [M-Sn2]’)
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and also for the fragment ions resulting from neutral loss of fatty acids as ketenes ([M-(Snl-
H,0)] and [M-(Sn2-H,0)]). The signal intensities of [M-Sn2] and [M-(Sn2-H,O)]" were
consistently higher than their counterpart ions [M-Snl]" and [M-(Sn1-H,O)]’, respectively,
over the range of collision energy examined, in agreement with the previous study by Hsu et
al. that used a triple-quadrupole mass spectrometer over a smaller collision energy range (25
to 35 eV) (/1). Figure 5.2(c) shows the ratios of the signal intensities of [FA2] vs. [FA1],
[M-(Sn2-H,0)] vs. [M-(Sn1-H,0)], and [M-Sn2] vs. [M-Snl]". It can be clearly seen that
the ratios of [M-(Sn2-H,0)]/[M-(Sn1-H,0)] and [M-Sn2]/[M-Snl] are always higher than
unity while the ratio of [FA2]/[FA1] is always lower than unity. In this case, the length of

fatty acyl chains attached to the sn/ position is longer than that bound to the sn2 position.

In order to ensure that the observed preferential loss of fatty acyl moieties at the sn2
position is not attributable to the lengths of the fatty acyl moieties, two other standards PA
(12:0/13:0) and PA (17:0/20:4), representing cases in which the length of fatty acyl chains
attached to sn/ is close to and shorter than that bound to sn2, respectively, were studied
following identical procedures. Figure 5.3 shows that the signal intensities of [M-Sn2]" and
[M-(Sn2-H,O)]” were always higher than those of [M-Snl]" and [M-(Snl-H,O)J,
respectively, over the range of collision energy examined. This result indicated that the
preferred relative stereospecific abundances of lyso-form fragment ions and acyl anions of
diacyl PA are independent of the lengths of their fatty acyl moieties. It follows that, in the
absence of interferences from other lipid species, the relative abundance of both the acyl
anions and the lyso-form fragment ions can facilitate the determination of the

regiospecificity of diacyl PA.

5.3.3 Fragmentation patterns of molecular anions of diacyl PS, PG, PI, and PE as a

function of collision energy

As described in the Experimental section, fragmentation patterns of PS (17:0/14:1),
PG (17:0/14:1), PI (17:0/14:1), and PE (17:0/14:1) at different collision energies were also
examined and analyzed following a protocol virtually identical to that used for PA

(17:0/14:1). Fragmentation patterns of molecular anions of PA (17:0/14:1), PS (17:0/14:1),
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PG (17:0/14:1), PI (17:0/14:1), and PE (17:0/14:1), each recorded at the respective optimum
collision energy, are shown in Figure 5.4. Except for PI (17:0/14:1), for which the

fragmentation spectrum was recorded at 50 eV, all the other spectra were recorded at 40 eV.

It is interesting to note the similarities and differences in the fragmentation patterns
among different diacyl glycerophospholipids. PS (17:0/14:1), PG (17:0/14:1), and PI
(17:0/14:1) all exhibited sets of lyso-form fragment ions ([M-polar head group-Snl/2] and
[M-polar head group-(Sn1/2-H,0)]’) identical to those for PA (17:0/14:1), corresponding to
fragmentation pathways resulting in neutral loss of both fatty acyl moieties and their
respective polar head groups (/2-13, 15). In contrast, PG (17:0/14:1) and PI (17:0/14:1) each
exhibited its own set of lyso-form fragment ions, corresponding to neutral loss of fatty acyl
moieties as free fatty acids ([M-Snl/2]) or as ketenes ([M-(Snl1/2-H,0)]’). PS (17:0/14:1)
exhibited only the [M-polar head group-Sn1/2]" and [M-polar head group-Snl/2 — H,O] sets
of lyso-form fragment ions, identical to the ([M-Snl1/2] and ([M-Snl/2 — H,O]" fragment
ions of PA (17:0/14:1) that has no head group. During fragmentation glycerophosphoserines
will first shed the serine polar head group and fragment as glycerophosphatidic acids
afterwards (/2). The lyso-form fragment ions of PE (17:0/14:1) were of relatively low
abundance with significant values at collision energies around 40 eV, suggesting stronger

bonding of the ethanolamine phosphate head group to the glycerol backbone.

Figure 5.5 shows the data for the lyso-form fragment ions of PS (17:0/14:1), PG
(17:0/14:1), PI (17:0/14:1), and PE (17:0/14:1) over the range of collision energy applied. It
can be seen from Figure 5.5(a) that the lyso-form fragment ions [M- Serine-Sn2] ™ and [M-
Serine-(Sn2-H,O)]” of PS (17:0/14:1) are more abundant than [M-Serine-Snl] and [M-
Serine-(Sn1-H,0)], respectively. For PG(17:0/14:1) the lyso-form ions [M-Sn2], [M-(Sn2-
H,0)]’, and [M-Glycerol-Sn2]" are more abundant than their respective counterpart ions [M-
Snl1], [M-(Sn1-H,0)]’, and [M-Glycerol-Sn1]". The observed abundances of the lyso-form
fragment ions [M-Glycerol-(Sn2-H,0)]" and [M-Glycerol-(Sn1-H,O)]” were too low to be
visualized in the figures (Figure 5.5(b) and (c)). Similarly for PI(17:0/14:1) the lyso-form
ions [M-Sn2]’, [M- (Sn2-H,O)], [M-Inositol-Sn2]", and [M-Inositol-(Sn2-H,O)]" are more
abundant than their respective counterpart ions. The signal for the lyso-form fragment ion

[M-Inositol-(Sn2-H,0O)]” was too weak to be visualized in the figures (Figure 5.5(d), (e)).

171



Lyso-form fragment ions for PE(17:0/14:1) are of relatively low abundance, but at a collision
energy of 40 eV, [M-Sn2] and [M- (Sn2-H,O)] ions exhibited higher abundance than [M-
Snl1] and [M- (Sn1-H,O)] ions (Figure 4(f)).

These trends were also confirmed in identical experiments performed on
PS(12:0/13:0), PS(17:0/20:4), PG(12:0/13:0), PG(17:0/20:4), PI1(12:0/13:0), PI(17:0/20:4),
PE(12:0/13:0), and PE(17:0/20:4) (Figures 4.2.6 (a-h)). It is therefore concluded that the
relative abundances of the lyso-form fragment ions of diacyl glycerophospholipids provided
reliable structural information to determine the stereospecific information of diacyl
glycerophospholipids. For diacyl PA, PS, and PI the lyso-form fragment ions [M-Sn2]" and
[M-polar head group-Sn2]™ are more abundant than their respective [M- (Sn2-H,0)] and [M-
polar head group-(Sn2-H,0)]’, suggesting a more facile process for the neutral loss of free
fatty acid than the corresponding neutral loss of ketene; whereas the reverse is observed for
diacyl PE (Figure 5.5 and Figure 5.6). For diacyl PG the trend is not clear. It was also
observed that the optimum collision energy required to record abundant lyso-form fragment
ions increases with the length of the fatty acyl chains. The optimum collision energy for PI
species 1s estimated to be above 50 eV whereas it is around 40 eV for other

glycerophospholipids.

It is also worth noting that the relative abundance of the two fatty acyl anions of
glycerophosphoinositols depended on collision energy and the characteristics of fatty acyl
moieties; whereas the ratios of [M-(Sn2-H,0)]/[M-(Sn1-H,0)] and [M-Sn2]/[M-Snl] are
always higher than unity (Figures 5.7 (a-c)). Thus for diacyl glycerophosphoinositols the
regiospecificity can only be determined through the differential abundance of these lyso-

form fragment ions.

5.4 Characterization of diacyl glycerophospholipids in lipid extracts from rat hepatoma

cells.

We next tested the present methodology for the characterization of phospholipids in

realistic complex samples. Briefly, lipids were extracted from rat hepatoma cells over
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expressing lipin-la, as described in the Experimental section, and analyzed by our
methodology. Lipin-la functions as phosphatidate phosphatase enzyme in lipid metabolism
(30-31). The identical fatty acyl compositions of glycerophospholipids in different subclasses
(with different polar head groups) could possibly link them together into a specific metabolic
pathway. Testing this hypothesis necessitated a reliable mass spectrometric technique
capable of determining the stereospecificity of diacyl glycerophospholipids. Under negative
ion mode, precursor ion scans for m/z -153 and -196 were first performed on the lipid
extracts isolated from the lipin-1a overexpressing cell line to highlight PA/PS/PG/PI and PE,
respectively (Figure 5.8). Molecular anions of diacyl glycerophospholipids were then

subjected to fragmentation.

Clearly, in some instances isobaric species will be combined as precursor ions.
However, the power of this methodology is that it can differentiate the different isobaric lipid
species. For example, Figure 5.9 shows the superimposed product ion spectra of the isobaric
precursor ions at m/z -834.6. The fragment ions at m/z -153 ([glycerophosphate-H,O]) and
those at m/z -747.5 (neutral loss of 87 Da, the serine head group) indicated these lipid species
were glycerophosphoserines. The fragment ions at m/z -281.3, -283.3, -327.2, and -329.2,
corresponding to fatty acyl anions [FAI18:1], [FAI18:0], [FA22:6], and [FA22:5],
respectively, suggested the compositions of these lipids to be PS(18:0-22:6) and PS(18:1-
22:5) (The stereospecificity is yet to be determined). For diacyl PS the abundance of acyl
anions [FA2] is lower than that of [FA1] (/2). The higher intensities of [FA18:1]" and
[FA18:0]" compared with those of [FA22:5] and [FA22:6], respectively, allowed the two
lipid species to be identified as PS(18:0/22:6) and PS(18:1/22:5) (with the stereospecificity
determined), respectively. Abundant fragment ions are also observed at m/z -419.3, -437.3, -
463.3, and -481.3, corresponding to [M-Serine-FA22:6]", [M-Serine-(FA22:6-H,0)]’, [M-
Serine-FA18:0], and [M-Serine-(FA18:0-H,O)]’, respectively. The ions corresponding to
[M-Serine-FA22:6]" (m/z -419.3) and [M-Serine-(FA22:6-H,0)]" (m/z -437.3) exhibited
higher abundances than [M-Serine-FA18:0]" (m/z -463.3) and [M-Serine-(FA18:0-H,O)]
(m/z -481.3), respectively, thus allowing definitive identification of PS(18:0/22:6). Similarly,
PS(18:1/22:5) can be identified on the basis that the lyso-form fragment ions at m/z -417.3

and -435.3 were observed at higher abundances than their respective counterpart ions. In this
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case the structural information based on either the fatty acyl anions or the lyso-form

fragment ions allowed the lipid species of interest to be exclusively determined.

Figure 5.10 shows a second example of a mixed product ion spectrum of molecular
anions of isobaric lipid species at m/z -885.5. The fragment ions at m/z -153
([glycerophosphate-H,O]), -223 ([inositolphosphate-2H,0]), -241 ([inositolphosphate-
H,0]), and -259 ([inositolphosphate]) indicated that these lipid species were
glycerophosphoinositols. The fragment ions at m/z -281.3, -283.3, -303.2, and -305.2,
corresponding to fatty acyl anions [FAI18:1], [FAI18:0], [FA20:4], and [FA20:3],
respectively, suggested the compositions of these lipids were PI(18:0-20:4) and PI(18:1-
20:3), respectively. The relative abundance of the two fatty acyl anions of diacyl
glycerophosphoinositols depends on the collision energy and the length of the fatty acyl
moieties, therefore the stereospecific positions of the two fatty acyl chain have to be
determined via the relative abundances of their lyso-form fragments (/5). For PI(18:0-20:4),
the lyso-form fragment ions can be found at m/z 601.3, 619.3, 581.3, and 599.3,
corresponding to [M-FA18:0], [M-(FA18:0-H,0)], [M-FA20:4]", and [M-(FA20:4-H,0)],
respectively. The intensities of peak at m/z -581.3 ([M-FA20:4]") and -599.3 ([M-(FA20:4-
H,0)]) are higher than those at m/z -601.3 ([M-FA18:0]") and -619.3 ([M-(FA18:0-H,0)]),
respectively, thus allowing the assignment of FA20:4 to sn2 and FA18:0 to sn/. It followed
that the complete structure of the lipid species of interest was PI(18:0/20:4). Similarly,
PI(18:1/20:3) was determined on the basis that the lyso-form fragment ions at m/z -579.3 and
-597.3 exhibited higher intensities than those at m/z -603.3 and -621,3, respectively. The
assignment of the stereospecific structure of PI(18:0/20:4) and PI(18:1/20:3) can also be
achieved on the basis of higher peak intensities at m/z -417.3 ([M-Inositol-FA20:3]") and -
419.3 ([M-Inositol-FA20:4]") than those of their respective counterpart ions. To the best of
our knowledge this is the first time that the stereospecificities of diacyl
glycerophosphoinositols from lipid extracts of biological samples are determined based on

their tandem mass spectra.

Shotgun lipidomic approaches usually analyze lipid extracts without or with very
little pre-purification (/, 25-26). Most lipid species are identified under conditions subject to

interferences from other isobaric species (or lipid species with molecular ion mass included
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within the isolation window for precursor ions) of the same class or other classes. As a result,
the peak intensities of some fatty acyl anions recorded in a tandem mass spectrum often
include contributions from different lipid species. Figure 5.11 demonstrates that even
isobaric lipids from different subclasses can be successfully identified using the present
methodology. The product ion spectrum for the precursor at m/z -762.5 shows fragment ions
at m/z -153 ([glycerophosphate-H,0]), -196 ([ethanolaminephosphate-H,O]), and -675.5
(neutral loss of 87 Da, the serine head group), indicating that the precursor at a nominal m/z
value of -762.5 is a mixture of several isobaric PE and PS lipid species. Following the
methodology discussed above, PE(18:1/20:5), PE(18:2/20:4), PE(16:0/22:6), and
PE(16:1/22:5) can be identified on the basis of structural information associated with both
the fatty acyl anions and the lyso-form fragment ions. (For diacyl PE species the fragment
anion [FA2] exhibited higher abundance than [FA1]) (/4). In addition PS(16:0-18:0) can
also be confirmed to be present in the mixture. Unfortunately, its stereospecific information
could not be determined on the basis of the relative abundance of the two fatty acyl anions
[FA16:0] (m/z -255.2) and [FA18:0] (m/z -283.2), which were virtually equal. However, the
stereospecificity can be established based on the lyso-form fragment ion [M-Serine-FA16:0]°
(m/z -419.3), which exhibited higher intensity than [M-Serine-FA18:0]" (m/z -391.3), and
confirmed the presence of PS(18:0/16:0). The fragmentation of PS(18:0/16:0) by itself
would result in a noticeable lower intensity of [FA16:0] (m/z -255.2) than that of [FA18:0]
(m/z -283.2), as the fatty acyl anion [FA2] of a diacyl PS should exhibit lower abundance
than [FA1](/2). However, in this case the intensity of [FA16:0] (m/z -255.2) also contained
partial contributions from PE(16:0/22:6). The overlapping of [FA16:0] from two different
lipid species compromised the abundance ratio between [FA16:0]" (m/z -255.2) and
[FA18:0] (m/z -283.2) and thus prevented the determination of fatty acyl chain positions of
PS(18:0/16:0) on the basis of this abundance ratio. The lyso-form fragment ions allowed the
stereospecific information to be unambiguously determined. Also there is no overlap
between the lyso-form fragment ions of PE and PS. The lyso-form fragment ions of PE have

even nominal m/z values while those of PS have odd nominal values.

Table 5.1 lists the identified diacyl glycerophospholipids from the cell extracts of
lipin 1o over expressing cells, including PS, PE, PI, PA, and PG species. This result

demonstrates that the novel methodology reported in this work can be employed to determine
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the stereospecificity of all glycerophospholipids that are preferentially ionized under
negative ion mode. The stereospecificity of the vast majority of the lipid species can be
consistently elucidated based on the structural information obtained from either the fatty acyl
anions or the Ilyso-form ions (in black). Around 30% of the listed diacyl
glycerophospholipids were identified primarily based on the lyso-form ions (in red). These
lipids included the diacyl glycerophosphoinositols, for which the stereospecificity cannot be
identified on the basis of their fatty acyl anions (~10%), and other diacyl
glycerophospholipids, for which the relative abundances of the fatty acyl anions of interest
were either too close to call or lead to opposite positional isomers (~20%). As mentioned
previously these fatty acyl anions were most likely overlapped with those from other lipid
species. The determination of the fatty acyl positions for diacyl PE species represented the
most challenging task, owing to the relatively lower abundance of the lyso-form ions and
possible interferences from PC species. As a result, the fatty acyl chain positions of several
diacyl PE species were proposed only based on the relative abundance of their acyl anions

(in blue).

The ultimate solution for comprehensive determination of the stereospecific
information of diacyl glycerophospholipids would likely necessitate the integration of front-
end chromatographic separation. Nevertheless, diacyl PE species were identified in this work
primarily based on the structural information from the lyso-form fragment ions without any
chromatographic separation. Furthermore, the lipid species primarily identified on the basis
of lyso-form fragment ions, such as PA(18:0/20:3), PG(18:0/16:1), PI(18:0/18:2),
PI(16:0/20:2), P1(18:0/20:4), PI(18:0/20:3), PE(16:0/20:2), PE(16:0/22:4), and PE(16:0/22:3)
have stereospecificities in agreement with the biochemistry convention, that assigns the
saturated fatty acyl to the sn/ position and the poly-unsaturated fatty acyl to the sn2 position.
It is interesting to note that stereospecificity of PE (18:1/16:1), which was determined
primarily based on the lyso-form fragment ions, was consistent with PS (18:1/16:1), which
was identified based on the structural information of both acyl anions and lyso-form ions.
Similarly PE (18:1/20:2) and PI (18:1/20:2) were consistent with PA (18:1/20:2), where the
former two were identified primarily based on the lyso-form fragment ions and the latter was
identified based on the structural information of both acyl anions and lyso-form ions. It is

also interesting to note that the stereospecificities of some diacyl glycerophospholipids,
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identified primarily based on the lyso-form fragment ions, were consistent across different
subclasses taking PS(18:1/18:3) and PE(18:1/18:3), and PS(18:1/20:3), PE(18:1/20:3), and
PI(18:1/20:3), as examples. These results suggested that lyso-form fragment ions provided
reliable structural information for the determination of stereospecificity of diacyl
glycerophospholipids. Conveniently, this structural information was readily available from

MS? mass spectra recorded on a hybrid quadrupole time-of-flight mass spectrometer.

5.5 Conclusions

In this work, we developed a novel approach for the determination of fatty acyl
positions of diacyl glycerophospholipids, including PA, PS, PG, PI, and PE, for which all the
structural information was obtained from MS® mass spectra recorded using a hybrid
quadrupole time-of-flight mass spectrometer. We first fully examined the fragmentation
patterns of a variety of diacyl glycerophospholipid standards over a wide range of collision
energy. For all the diacyl glycerophospholipid standards examined it was found that the lyso-
form fragment ions corresponding to the neutral loss of fatty acids from sn2 position
consistently exhibited higher abundance than those corresponding to the neutral loss from
snl position on the glycerol backbone. We then demonstrated the feasibility of determining
the stereospecific information for diacyl glycerophospholipids in a lipid extract from rat
hepatoma cell line, primarily on the basis of lyso-form fragment ions. We demonstrated that
this new methodology is capable of accurately determining the stereospecific information for
diacyl glycerophospholipids even with the interferences from isobaric lipid species and
without chromatographic pre-separation. In addition, the approach is capable of locating the
fatty acyl moieties of diacyl glycerophosphoinositols, which is impossible for methodologies
that examine only structural information provided by the fatty acyl anions. Combining the
novel methodology reported in this work with the currently widely practiced mass
spectrometric techniques such as MPIS, FAS, and MDMS-SL, should enable a reliable and

convenient platform for comprehensive glycerophospholipid profiling.
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Figure Captions

Figure 5.1 Product ion spectrum of PA (17:0/14:1) recorded on a hybrid quadrupole
time-of-flight mass spectrometer (QSTAR Pulsar) at collision energy of 20, 30, 40, and
50 eV, respectively. Reprinted with permission from Rapid Communication in Mass

Spectrometry. Copyright © 2010 John Willey & Sons, Ltd.

Figure 5.2 (a). Absolute intensities (ion counts) of molecular ions, polar head group (m/z -
153.0), and fatty acyl anions (m/z -225.2 and -269.3) of PA (17:0/14:1) plotted vs. collision
energy. (b) Absolute intensities of lyso-form fragment ions [M-Snl], [M-Sn2], [M-(Snl-
H,0)], and [M-(Sn2-H,0)] of PA (17:0/14:1) plotted vs. collision energy. (c) Ratios of the
signal intensities of [FA2] vs. [FA1], [M-(Sn2-H,O)] vs. [M-(Sn1-H,0)], and [M-Sn2]
vs. [M-Snl] of PA (17:0/14:1). Reprinted with permission from Rapid Communication in
Mass Spectrometry. Copyright © 2010 John Willey & Sons, Ltd.

Figure 5.3 (a). Absolute intensities (ion counts) of lyso-form fragment ions [M-Snl]’, [M-
Sn2]’, [M-(Sn1-H,0)], and [M-(Sn2-H,0O)] of PA (12:0/13:0) plotted vs. collision energy.
(b). Absolute intensities of lyso-form fragment ions [M-Snl], [M-Sn2], [M-(Sn1-H,0)],
and [M-(Sn2-H,O)]" of PA (17:0/20:4) plotted vs. collision energy. Reprinted with
permission from Rapid Communication in Mass Spectrometry. Copyright © 2010 John

Willey & Sons, Ltd.

Figure 5.4 Fragmentation patterns of PA (17:0/14:1), PS (17:0/14:1), PG (17:0/14:1), PI
(17:0/14:1), and PE (17:0/14:1). The diagrams exhibit the structure of these lipids and the
bond cleavages of major fragments. The spectrum of PI (17:0/14:1) was recorded at 50 eV;
all the other spectra were recorded at recorded at 40 eV. The PA, PS, PG, and PI species
exhibited identical fragment ions in the region between the two red lines. Adapted with
permission from Rapid Communication in Mass Spectrometry. Copyright © 2010 John
Willey & Sons, Ltd.
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Figure 5.5 Absolute intensities (ion counts) of lyso-form fragment ions of molecular
anions of (17:0/14.1) diacylglycerophospholipids, plotted with respect to collision
energy. (a). [M-Serine-Snl]’, [M- Serine-Sn2] ", [M-Serine-(Sn1-H,0)], and [M-Serine-
(Sn2-H,0O)]” of PS (b). [M-Snl], [M-Sn2] ", [M-(Sn1-H,0)], and [M-(Sn2-H,O)] of PG
(c). [M-Glycerol-Snl1]" and [M-Glycerol-Sn2] = of PG. Intensities corresponding to [M-
Glycerol-(Sn1-H,0)] and [M-Glycerol-(Sn2-H,0)] are too low to be measured reliably (d).
[M-Snl], [M-Sn2]" , [M-(Sn1-H,0O)], and [M-(Sn2-H,O)]" of PI (17:0/14:1). (e). [M-
Inositol-Sn1]", [M- Inositol-Sn2] = and [M- Inositol-(Sn2-H,O)] of PI. Intensities of [M-
Inositol-(Sn1-H,0)]” was too low to be measured reliably (f) [M-Snl]’, [M-Sn2]’, [M-(Snl-
H,0)]’, and [M-(Sn2-H,0)] of PE. Reprinted with permission from Rapid Communication
in Mass Spectrometry. Copyright © 2010 John Willey & Sons, Ltd.

Figure 5.6 Absolute intensities (ion counts) of lyso-form fragment ions plotted as a
function of collision energy. (a). [M-Snl], [M-Sn2] = , [M-(Sn1-H,0)], and [M-(Sn2-
H,0)] of PS (12:0/13:0). (b). [M-Snl], [M-Sn2]", [M-(Sn1-H,O)]’, and [M-(Sn2-H,0)] of
PS (17:0/20:4). (c). [M-Snl], [M-Sn2] °~ , [M-(Snl1-H,0O)]’, and [M-(Sn2-H,0)]" of PG
(12:0/13:0). (d). [M-Snl], [M-Sn2] , [M-(Snl-H,O)], and [M-(Sn2-H,O)]" of PG
(17:0/20:4). (e). [M-Snl], [M-Sn2] ~ , [M-(Snl-H,0)], and [M-(Sn2-H,O)]" of PI
(12:0/13:0). (f). [M-Snl], [M-Sn2] ~ , [M-(Snl-H,O)], and [M-(Sn2-H,O)]" of PI
(17:0/20:4). (g). [M-Snl], [M-Sn2] ~ , [M-(Snl-H,O)], and [M-(Sn2-H,O)]" of PE
(12:0/13:0). (h). [M-Snl], [M-Sn2] ~ , [M-(Snl-H;O)], and [M-(Sn2-H,O)]" of PE
(17:0/20:4). Reprinted with permission from Rapid Communication in Mass Spectrometry.

Copyright © 2010 John Willey & Sons, Ltd.

Figure 5.7 (a). Ratios of the signal intensities of [FA2] vs. [FA1], [M-(Sn2-H,O)] vs. [M-
(Sn1-H,0)], and [M-Sn2] vs. [M-Snl] of PI (12:0/13:0) plotted vs. collision energy. (b).
Ratios of the signal intensities of [FA2] vs. [FA1], [M-(Sn2-H,0)] vs. [M-(Sn1-H,0O)], and
[M-Sn2] vs. [M-Snl1] of PI (17:0/14:1) plotted vs. collision energy. (c). Ratios of the signal
intensities of [FA2] vs. [FA1], [M-(Sn2-H,0)] vs. [M-(Sn1-H,0)], and [M-Sn2] vs. [M-
Snl1] of PI (17:0/20:4) plotted vs. collision energy. Reprinted with permission from Rapid
Communication in Mass Spectrometry. Copyright © 2010 John Willey & Sons, Ltd.
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Figure 5.8 (a). Precursor ion spectrum for fragment ions at m/z -153 to identify molecular
anions of PA, PS, PG, and PI species from lipin-1a overexpressing cell line lipid extract. (b).
Precursor ion spectrum for fragment ions at m/z -196 to identify molecular anions of PE
species from lipin-1a overexpressing cell line lipid extract. Reprinted with permission from

Rapid Communication in Mass Spectrometry. Copyright © 2010 John Willey & Sons, Ltd.

Figure 5.9 The overlapped product ion spectrum of molecular anions of the isobaric
lipid species PS(18:0/22:6) and PS(18:1/22:5) at m/z -834.6. Fragment ions at m/z -153
correspond to [Glycerophosphate-H,O] and those at m/z -747.5 to neural loss of 87 Da (the
serine head group). Fragment ions at m/z -281.3, -283.3, -327.2, and -329.2, corresponding to
fatty acyl anions [FAI18:1], [FAI18:0], [FA22:6], and [FA22:5], respectively. For
PS(18:0/22:6), lyso-form fragment ions are observed at m/z -419.3, -437.3, -463.3, and -
481.3, corresponding to [M-Serine-FA22:6], [M-Serine-(FA22:6-H,0)]’, [M-Serine-
FA18:0], and [M-Serine-(FA18:0-H,O)]’, respectively. Fragment ions at m/z -417.3 and -
435.3 are lyso-form fragment ions from PS(18:1/22:5). Reprinted with permission from
Rapid Communication in Mass Spectrometry. Copyright © 2010 John Willey & Sons, Ltd.

Figure 5.10 The overlapped product ion spectrum of molecular anions of the isobaric
lipid species PI(18:0/20:4) and PI(18:1/20:3) at m/z -885.5. Fragment ions at m/z -153, -
223, -241, and -259 correspond to [Glycerophosphate-H,O]", [Inositolphosphate-2H,0],
[Inositolphosphate-H,O]’, and [Inositolphosphate], respectively. Fragment ions at m/z -
281.3, -283.3, -303.2, and -305.2, correspond to fatty acyl anions [FA18:1], [FA18:0],
[FA20:4], and [FA20:3], respectively. For PI(18:0/20:4), the lyso-form fragment ions are
observed at m/z -601.3, -619.3, -581.3, and -599.3, corresponding to [M-FA18:0], [M-
(FA18:0-H,0)], [M-FA20:4], and [M-(FA20:4-H,0)], respectively. For PI(18:1/20:3),
lyso-form fragment ions are at m/z -579.3, -597.3, -603.3, and -621.3. Peaks at m/z -417.3
and -419.3 correspond to lyso-form fragment ions [M-Inositol-FA20:3]" and [M-Inositol-
FA20:4], respectively. Reprinted with permission from Rapid Communication in Mass

Spectrometry. Copyright © 2010 John Willey & Sons, Ltd.
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Figure 5.11 The overlapped product ion spectrum of molecular anions of the isobaric
lipid species PE(18:1/20:5), PE(18:2/20:4), PE(16:0/22:6), PE(16:1/22:5), and
PS(18:0/16:0) at m/z -762.5. Fragment ions at m/z -153 ([Glycerophosphate-H,O]"), -196
([Ethanolaminephosphate-H,0]), and -675.5 (neutral loss of 87 Da, the serine head group)
indicate the presence of a mixture of several isobaric PE and PS lipid species. Lyso-form
fragment ions of PE(18:1/20:5), PE(18:2/20:4), PE(16:0/22:6), and PE(16:1/22:5) are
observed at even nominal m/z values while lyso-form fragment ions of PS(18:0/16:0) are at
odd nominal m/z. The intensity of [FA16:0]" (m/z 255.2) contained contributions from both
PE(16:0/22:6) and PS(18:0/16:0). Reprinted with permission from Rapid Communication in
Mass Spectrometry. Copyright © 2010 John Willey & Sons, Ltd.
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Table 5.1 List of diacyl glycerophospholipids identified and their relative abundance
with respect to the base peak. Lipid species in black are those for which the
stereospecificity is consistently elucidated based on the structural information obtained from
either the fatty acyl anions or the lyso-form ions. Lipid species in red are those for which the
stereospecificity is identified primarily based on the lyso-form ions, including the diacyl
glycerophosphoinositols, for which the stereospecificity cannot be identified on the basis of
their fatty acyl anions, and other diacyl glycerophospholipids, for which the relative
abundances of the fatty acyl anions of interest were either too close to call or lead to opposite
positional isomers. Lipid species in blue are those for which the stereospecificity is proposed

only based on the relative abundance of their acyl anions.
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Lipid classes

m/z

% of base peak

Lipid Species

PA 725.4 37.6 PA(18:1/20:2)
PA(18:2/20:1)
PA(18:0/20:3)
PG 747.9 16.8 PG(16:0/18:1)
PG(18:0/16:1)
Pl 861.6 28.8 PI(18:0/18:2)
PI(18:1/18:1)
PI(16:0/20:2)
885.6 38.4 PI(18:0/20:4)
PI(18:1/20:3)
887.7 36 P1(18:0/20:3)
PI(18:1/20:2)
PS 732.3 16 PS(16:0/16:1)
758.4 23.2 PS(16:0/18:2)
PS(18:1/16:1)
760.5 46.4 PS(16:0/18:1)
PS(18:0/16:1)
762.5 17.6 PS(18:0/16:0)
782.4 20.8 PS(16:0/20:4)
PS(18:1/18:3)
PS(18:2/18:2)
7845 26.4 PS(16:0/20:3)
PS(18:0/18:3)
PS(18:1/18:2)
786.6 64 PS(18:0/18:2)
PS(18:1/18:1)
PS(16:0/20:2)
788.4 42.4 PS(18:0/18:1)
808.5 36.8 PS(18:0/20:5)
PS(18:1/20:4)
810.6 48.8 PS(18:0/20:4)
PS(18:1/20:3)
812.4 52.8 PS(18:0/20:3)
834.6 100 PS(18:0/22:6)
PS(18:1/22:5)
836.4 62.4 PS(18:0/22:5)
862.5 32 PS(20:0/22:6)
)

PS(20:1/22:5
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Lipid classes

m/z

% of base peak

Lipid Species

PE

714.5

58.2

PE(16:0/18:2

PE(18:1/16:1

716.6

94.5

PE(16:0/18:1

PE(18:0/16:1

736.4

52.7

PE(16:0/20:5

PE(16:1/20:4

738.5

65.5

PE(16:0/20:4

PE(16:1/20:3

PE(18:2/18:2

PE(18:1/18:3

740.3

72.7

PE(16:0/20:3

PE(20:2/16:1

PE(18:0/18:3

PE(18:1/18:2

742.7

85.5

PE(16:0/20:2

PE(18:1/18:1

PE(18:0/18:2

744.8

43.6

PE(18:0/18:1

762.2

60

PE(16:0/22:6

PE(18:1/20:5

PE(18:2/20:4

764.6

100

PE(18:0/20:5

PE(18:1/20:4

766.7

96.4

PE(18:0/20:4

PE(18:1/20:3

PE(16:0/22:4

768.5

40

PE(16:0/22:3

PE(18:0/20:3

PE(20:1/18:2

PE(18:1/20:2

788.3

18.2

PE(18:1/22:6

790.1

30.9

PE(18:0/22:6

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
3
PE(16:0/20:1)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

PE(18:1/22:5
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Figure 5.1
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Figure 5.2
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Figure 5.3
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Figure 5.4
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Figure 5.5
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Figure 5.6
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Figure 5.7
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Figure 5.8
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Figure 5.9
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Figure 5.10
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Figure 5.11
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Chapter 6 Conclusions

6.1 The development of proteomic reactors

In chapter 3, I described the development of different versions of microfluidic
proteomic reactors, namely, the SCX proteomic reactor, the 96-well SCX plate reactor, and
the SAX proteomic reactor, for processing complex protein samples. To the best of my
knowledge, there are no reports indicating that other groups have developed similar

proteomic reactor devices for processing protein samples.

These microfluidic proteomic reactors developed in the thesis have provided an
integrated platform for efficiently and reliably processing minute amounts of protein
samples. These reactors can perform protein sample clean-up, preconcentration, chemical
reactions (e.g. protein reduction and alkylation of cysteines), and enzymatic digestion all in a
single device and therefore sample loss can be minimized. Although the proteomic reactor
can be used as a standalone device, the resulting peptides are eluted using a buffer readily

compatible with HPLC-ESI-MS/MS.

As the total time to process protein samples using the proteomic reactor techniques is
relatively shorter (~3 hours) in comparison to other protein digestion methodologies, the
proteomic reactor approaches can also increase the throughput for processing complex

biological samples, which is necessary for large scale analysis of proteomes.

Comparing the performance of both the SCX and SAX reactors for digesting the
same amount of protein samples to that of the in-solution digestion, we have demonstrated
that up to 10 times more protein and a significantly better sequence coverage for individual
proteins can be obtained using the proteomic reactor techniques. The better performance of
the proteomic reactor approaches is likely attributed to protein samples clean-up and
preconcentration prior to enzymatic digestion, and the efficient protein digestion within an

interstitial volume of nanoliters.
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Comparing the performance of the SAX and SCX proteomic reactors with 2 pg of
yeast lysates, we found that although the total number of unique peptides identified through
the SCX or the SAX reactors are similar, only around 40% of the identified peptides
overlapped. In addition, the overlap in proteins identified with SCX and SAX reactors is also
low. Analysis of two proteins (YGR009C, YHR174W) identified with both SAX and SCX
reactors, we found that the unique peptides identified with SAX and SCX reactor,
respectively, were mapped to different sequence locations in these proteins. Further analysis
of pl of these identified peptides/proteins revealed that the SAX reactor was biased for
relatively acidic proteins/peptides and the SCX reactor for relatively basic protein/peptides.
This suggests that more protein identification and extensive sequence coverage can be

obtained by using both the SAX and SCX proteomic reactors in combination.

Integrating the 96-well plate SCX reactor with size exclusion chromatographic
separation of MCF7 whole cell lysate, under stringent criteria, led to a total of 875 unique
proteins identified. A more relaxed ion score cutoff level associated with a 1% false positive
rate resulted in the identification of 2,683 unique proteins. This approach allows one protein
to be identified per 3-10 ng of total protein lysate loaded on the reactor plate. The proteomic
reactor techniques proved to be very efficient and sensitive in processing minute amounts of

protein samples.

In summary, by minimizing sample loss and improving protein digestion efficiency,
the proteomic reactor techniques can increase the depth and breadth of proteome coverage
and identification confidence, and therefore increase the possibility to identify lower

abundance proteins.

6.2 Specialized proteomic reactor techniques to address different biological problems

Based on the working principles described in chapter 3, it is possible to customize the
proteomic reactor to address other biological problems. For example, a “glyco-proteomic
reactor” has been developed, which allowed protein concentration/purification, disulfide

bond reduction, peptide-N-glycosidase-mediated '®O-labeling and  deglycosylation,
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alkylation, tryptic digestion and pH-based fractionation to be done on a single reactor (/).
From as little as 5 pL of human plasma, a total of 82 unique glyco-peptides were
identified, representing 41 unique glycoproteins. Multiplexed fractions of HuH7 cell lysates
were processed with SCX proteomic reactors, followed by phosphopeptide enrichment using
Ti-IMAC. This work identified a total of 1141 unique phosphopeptides from the subcellular
fractions from HuH7 cells (2). We also customized the proteomic reactor techniques for
membrane protein analysis (3). A total of 945 plasma membrane proteins and 955
microsomal membrane proteins were identified, where 63% and 47%, respectively, were
predicted as bona fide membrane proteins. We also demonstrated that step pH gradients
could be integrated with the SAX and SCX proteomic reactors, where a total of 1106 and
685 proteins, respectively, were identified from yeast lysate (4). These results demonstrate
that the proteomic reactor techniques, as integrated with protein/peptide separation
methodologies, are powerful and promising tools for the identification of low-abundance

proteins from minute amount of samples.

6.3 Developing nano-HPLC-ESI-MS/MS for the analysis of platelet activating factor
(PAF) and Ilyso-phosphocholine (LPC) lipid species

In chapter 4, methodology based on nano-HPLC-ESI-MS/MS for the analysis of PAF
and LPC lipid species was described. In chapter 4.1, lipid extracts from non-differentiated
and NGF-differentiated PC12 cells were separated with nano-flow HPLC prior to being
introduced into a Q-TRAP 2000 mass spectrometer, where the lipid species of interest were
highlighted with precursor ion scan at m/z 184. Absolute quantitation of PAF lipids in
undifferentiated and differentiated PC12 cells were performed with the standard additions of
PAF subspecies. Results indicated a 16-fold increase in C16:0 /yso-PAF, an 8-fold increase
in C16:0 PAF, and a 3-fold increase in C18:0 lyso-PAF. C18:0 PAF levels remained below
level of detection and were not identified in either PC12 cells or NGF-differentiated PC12

cells.

In chapter 4.2, an elevation in C16 PAF was identified in the posterior/entorhinal

cortex of AD patients and TgCRNDS transgenic mice in comparison to the respective human
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and mice controls. Over the course of 24 hour exposure of human hNT neurons to AP,
treatment, the increases of endogenous C16:0 PAF levels were also identified. Further, the
spiking of identical amount of non-endogenous C13:0 LPC at time of extraction in human
samples allow the relative comparisons of PAF family and other LPC lipid species of interest

between the AD and control human tissues.

In this thesis, absolute quantification of C16:0, C18:0 PAF and C16:0, C18:0 lyso-
PAF were performed using standard addition approach, where 5 standard solutions
containing 200, 400, 600, 800, and 1000 pg each of C16:0, C18:0 PAF and C16:0, C18:0
lyso-PAF were used in the experiment. At each standard addition concentration, samples
were analyzed in triplicate. Therefore a total of 15 LC/MS runs were required for the
quantification of the 4 PAF species of interest in each sample. As such, we took great effort
to analyze all the lipid extracts from both the cells and tissue samples covered in the thesis.
We introduced d4-C16:0 PAF for facilitating the identification of C16:0 PAF, as they
exhibited the same retention time (Figure 4.2.2). As well, a quantification method based on
stable isotope labelled lipid standard was developed for the analysis of specific PAF family
lipid species. This should allow a faster analysis of the PAF family lipid species.

6.4 The development of shotgun lipidomic methodology for structure elucidation of

diacyl glycerophospholipids

Chapter 5 described the development of a novel shotgun lipidomic methodology for
the determination of stereospecificity of diacyl glycerophospholipids including
glycerophosphatidic acids (PA), glycerophosphoserines (PS), glycerophosphoglycerols (PG),
glycerophosphoinositols (PI), and glycerophosphoethanolamines (PE), which can be
conventionally ionized under negative ion mode. The stereospecificity of diacyl
glycerophospholipids was determined based on the relative abundance of the lyso-form
fragment ions, attributed to the neutral loss of fatty acyl moieties. The fragmentation patterns
of a variety of diacyl glycerophospholipid standards were first fully examined over a wide
range of collision energy. We observed that lyso-form fragment ions corresponding to the

neutral loss of fatty acyl moieties attached to the sn2 position as free fatty acids ([M-Sn2]")
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and as ketenes ([M-(Sn2-H,0)]") exhibited consistently higher intensity than their counter
part ions due to the neutral loss of fatty acyl moieties attached to the sn/ position ([M-Snl1]

and [M-(Sn1-H,0)]).

We then examined the product ion spectra of diacyl glycerophospholipids recorded
from lipid extracts of rat hepatoma cells. We demonstrated that this new methodology is
capable of accurately determining the stereospecific information for diacyl
glycerophospholipids even with the interferences from isobaric lipid species and without
chromatographic pre-separation. In addition, the approach is capable of locating the fatty
acyl moieties of diacyl glycerophosphoinositols, which is impossible for methodologies that

examine only structural information provided by the fatty acyl anions.

However, it should be noted that the developed methodology relies on manually
inspecting the recorded MS/MS spectra, which are typically a mixture of fragmentation
patterns of two or more lipid species. The annotation of the all the fragment ions in the
recorded MS/MS spectra, particularly, the correct association of the lyso-form ions with the
corresponding fatty acyl anions and the molecular ions is not an easy task. The next step is to
incorporate the developed methodology with software for ease of use. Likely this can be
done by customizing commercially available software for lipid analysis (e.g. LipidView
Software). This should allow a quick and reliable identification of the fragment ions of
interest, as well as the association of the lyso-form ions with the corresponding fatty acyl
anions and molecular ions. This should allow a broader application of the developed

methodology.

6.5 Future perspectives

In the human body, the levels of various lipid species are tightly regulated by
different proteins, both spatially and temporally (5). It has been increasingly acknowledged
that a variety of human diseases, including cancers (6-8), are associated with the deregulation
of the lipid-protein interacting network. For example, the upregulation of

phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3), a major regulator of cell
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survival, cell proliferation and cell growth, was observed in many types of cancers (7). The
phosphoinositide 3-kinase (PI3K) and 3-phosphatase (PTEN) stringently control
PtdIns(3,4,5)P3 signaling (5) and play vital roles in cancer development and progression.
Dysfunctions in the control of PtdIns(3,4,5)P3 signaling would result in its enhancement,
often causing cancer (7). In future work, the MS-based analytical methodologies described in
the thesis should be combined together as tools for the comprehensive probing the

underlying biochemical mechanisms of various biological problems.

Proteomic reactor techniques have been used to address a variety of biological
challenges, however, as pointed out by Figeys et al., “the widespread application of
proteomic reactor techniques will likely require the development of commercial versions of
these devices” and “the end goal is to develop systems in which the user only needs to
introduce a cell/tissue lysate and all the steps for processing and analyzing the sample
would be fully automated” (9). In this regard, the 96-well SCX plate format can be readily
integrated with a robot for automated and programmed processing of multiplexed proteomic

samples.

While working with quantitative lipidomics, lessons have been learned. The currently
widely accepted MS-based lipidomics techniques can only provide a static portrait of
molecular composition of a biological system, whereas the dynamic changes in lipid
expression due to stimulations (such as inhibitions) are mostly concealed by the static
background of lipid compositions of the biological system. This “metabolipidomics”
approach is a promising technology for profiling metabolic dynamics of lipids in cells,
organs/tissues, and whole animals (/0-11). The principal tools for metabolipidomics are
stable-isotope-labelled precursors and MS/MS. For example, Choline chloride-(trimethyl-do)
(D9-choline chloride) and Ethanol-1,1,2,2-d4-amine (D4-ethanolamine) can be added in cell
culture media to selectively label PCs and PEs synthesized through the CDP-choline and
CDP-ethanolamine pathway (Figure 6.1) for a short period of time (pulse labeling). Newly
synthesized PCs and PEs, which are incorporated with head groups containing heavy
isotopes during the pulse labelling, can then be distinguished from those of the static
composition of molecular species as they are subject to mass spectrometric analysis. The so-

called “metabolipidomics” approach should provide critical information for revealing the
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biochemical processes of lipid regulation and metabolism, which is impossible to obtain with

the conventional shotgun lipidomic approaches.
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Figure Captions:

Figure 6.1 The two branches of the Kennedy pathway: the CDP-ethanolamine and the
CDP-choline pathways. Enzymes: CK, choline kinase; CCT, phosphocholine
cytidylyltransferase; CPT, cholinephosphotransferase; EK, ethanolamine kinase; ECT,
phosphoethanolamine cytidylyltransferase; EPT, ethanolaminephosphotransferase; PEMT,
glycerophosphoethanoamine-N- methyltransferase. Adapted with permission from IUBMB
life. Copyright © 2010, International Union of Biochemistry and Molecular Biology, Inc.

207



Figure 6.1
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Statements of author contributions

Chapter 1.2 was modified based on part of the paper published in Brief Funct
Genomic Proteomic: Hou, W., Zhou, H., Elisma, F., Bennett, S. A., and Figeys, D.

Technological developments in lipidomics, Brief Funct Genomic Proteomic,7, 395-409
(2008). WH, HZ, and FE wrote the manuscript. DF and SAB edited the manuscript. The
thesis has not included the part of the manuscipt that HZ and FE contributed to the paper.

Chapter 2 was modified/rewritten based on the experimental section of the published

papers that were included in chapters 3, 4 and 5 of the thesis.

Chapter 3.1 was rewritten based on part of the paper published in Journal of
Proteome Research: Ethier, M., Hou, W., Duewel, H. S., and Figeys, D. (2006) The

proteomic reactor. a microfluidic device for processing minute amounts of protein prior to
mass spectrometry analysis, J Proteome Res 5, 2754-2759. ME and WH deisigned the
experiments, WH performed the experiments except for the on-line cell lysis experiment.
ME wroe the manuscript. DF edited the manuscript. The thesis has not included the on-line

cell lysate experiment.

Chapter 3.2 was modified based on the full paper published in Analytical Chemistry:
Hou, W., Ethier, M., Smith, J. C., Sheng, Y., and Figeys, D. (2007) Multiplexed proteomic

reactor for the processing of proteomic samples, Anal Chem 79, 39-44. WH conceived,
designed, and performed the experiments. ME and JCS assisted in MS experiments and data
analysis. YS assisted in MCF7 cell lysates fractionation experiment and provided MCF7 cell

lysates. WH wrote the manuscript. DF edited the manuscript.

Chapter 3.3 was rewritten based on part of the paper published in Analytical and
Bioanalytical Chemistry: Zhou, H., Hou, W., Lambert, J. P., and Figeys, D. (2010) New

ammunition for the proteomic reactor: strong anion exchange beads and multiple enzymes
enhance protein identification and sequence coverage, Anal Bioanal Chem 397, 3421-3430.

WH and HZ conceived, desined and performed the SAX proteomic reactor experiments
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using trypsin as enzyme. HZ desinged and performed the experiments using chymotrypsin
and Glu-C as enzymes. JPL provided the yearst samples. HZ and WH wrote the manuscript.
DF edited the manuscript. The thesis has not included the the experiments using

chymotrypsin and Glu-C as enzymes.

Chapter 4.1 was rewritten based on most part of paper published in Analytical
Chemistry: Whitehead, S. N., Hou, W., Ethier, M., Smith, J. C., Bourgeois, A., Denis, R.,

Bennett, S. A., and Figeys, D. (2007) Identification and quantitation of changes in the
platelet activating factor family of glycerophospholipids over the course of neuronal
differentiation by high-performance liquid chromatography electrospray ionization tandem
mass spectrometry, Anal Chem 79, 8539-8548.(WH, SNW,and ME contibuted equally). WH
and ME designed the experiments. WH and ME performed the MS experiments. SAB Lab
performed PC12 cell differentiation experiments and lipid extraction. WH and SNW wrote
the manuscript. DF and SAB edited the manuscript. The thesis has not included table 1 of the
paper, which listed the detected candidate lipid species. This work was performed by other
authors of the paper.

Chapter 4.2 was rewritten based on part of the paper published in Proceedings of the
National Academy of Sciences of the United States of America: Ryan, S. D., Whitehead, S.
N., Swayne, L. A., Moffat, T. C., Hou, W., Ethier, M., Bourgeois, A. J., Rashidian, J.,
Blanchard, A. P., Fraser, P. E., Park, D. S., Figeys, D., and Bennett, S. A. (2009) Amyloid-

beta4?2 signals tau hyperphosphorylation and compromises neuronal viability by disrupting
alkylacylglycerophosphocholine metabolism, Proc Natl Acad Sci USA 106, 20936-20941.
WH conceived, desinged and performed the HPLC-MS/MS experiments. SAB lab performed
all the biological expriments and lipid extraction. WH wrote the HPLC-MS/MS experiments
part of the manuscript and contributed to editng the manuscript. The thesis has not included
the biological experiments that are not directly associated with the HPLC-MS/MS

experiments.

Chapter 5 was modified based on the full paper published in Rapid Communications
in Mass Spectrometry: Hou, W., Zhou, H., Bou Khalil, M., Seebun, D., Bennett, S. A., and

Figeys, D. (2011) Lyso-form fragment ions facilitate the determination of stereospecificity of
diacyl glycerophospholipids, Rapid Commun Mass Spectrom 25, 205-217. WH conceived,
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the lipin-la plasmid transfection experiment. DS performed cell culture. WH wrote the

manuscript. DF edited the manuscript.
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