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Abstract

The aim of this thesis was to develop a proteomics methodology that improves the
identification of membrane proteomes from mammalian liver. Shotgun proteomics is a
method that allows the analysis of proteins from cells, tissues and organs and provides
comprehensive characterisation of proteomes of interest. The method developed in this
thesis uses separation of peptides from trypsin digested membrane proteins by immobilised
pH gradient isoelectric focusing (IPG-IEF) as the first dimension of two dimensional
shotgun proteomics. In this thesis, peptide IPG-IEF was shown to be a highly reproducible,
high resolution analytical separation that provided the identification of over 4,000 individual
protein identifications from rat liver membrane samples. Furthermore, this shotgun
proteomics strategy provided the identification of approximately 1,100 integral membrane
proteins from the rat liver. The advantages of using peptide IPG-IEF as a shotgun
proteomics separation dimension in conjunction with label-free quantification was applied to
a biological question: namely, does the presence of a spatially unrelated benign tumor affect
the abundance of mouse liver proteins. IPG-IEF shotgun proteomics provided
comprehensive coverage of the mouse liver membrane proteome with 1,569 quantified
proteins. In addition, the presence of an Englebreth-Holm-Swarm sarcoma induced changes
in abundance of proteins in the mouse liver, including many integral membrane proteins.
Changes in the abundance of liver proteins was observed in key liver metabolic processes
such as fatty acid metabolism, fatty acid transport, xenobiotic metabolism and clearance.
These results provide compelling evidence that the developed shotgun proteomics
methodology allows for the comprehensive analysis of mammalian liver membrane proteins
and detailed some of the underlying changes in liver metabolism induced by the presence of
a tumor. This model may reflect changes that could occur in the livers of cancer patients and

has implications for drug treatments.
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Chapter 1: Introduction
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1.1 General Introduction

Membrane proteins are an important class of proteins that are involved in key biological
functions (e.g. signal transduction, cell adhesion and cell-to-cell communication but to name
a few). In addition, membrane proteins are also very important molecular targets for many
drug therapies, which is illustrated by the observation that ~70% of all protein targeted drugs
are directed at this class of protein'. Hopkins and Groom have demonstrated that of the
membrane proteins targeted by drugs, 30% of these proteins were G-protein coupled
receptors, 7% were ion channels, 4% were transporters and 2% were cytochrome p450s'.
Not only are these proteins important as molecular targets for pharmological substances they
are important in the uptake of these substances into cells, where the substance is intended to
be therapeutic. Furthermore, 30% of most genomes have been annotated as membrane
proteins® and analysis of the human proteome has demonstrated that approximately 5,500
proteins had transmembrane segments according to Transmembrane Hidden Markov Model
(TMHMM) prediction algorithm®. These observations provide evidence for the importance
of membrane proteins in the functioning of cells and why membrane protein analysis is an
important field of research.

Liver membrane proteins are involved in a diverse array of functions, involving;
xenobiotic metabolism and transport; fatty acid metabolism and transport; bile acid and
steroid biosynthesis and transport. Recently, adverse liver metabolic function has been
observed in tumor-bearing mice, which involves key membrane proteins involved in
xenobiotic metabolism*”. Altered liver drug metabolism in advanced cancer patients has
been implicated in the lack of safety of chemotherapeutic compounds® ’, and therefore the
role in which these membrane proteins play in tumor altered liver metabolism warrants

further investigation.
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Proteomics is terminology used to describe the analysis of the protein constituent of the
cell and in particular, membrane proteomics refers to the analysis of the membrane protein
constituent of the cell. Methodologies developed for analysis of membrane proteins are
generally targeted approaches on individual membrane proteins because they overcome
some of the obstacles associated with membrane protein analysis. However, to gain a better
understanding of the entire membrane protein component of the cell, global analysis
methods have been developed *'°. One of the earlier methods for ascertaining the overall
profile of the proteome was displayed in the separation and the visual representation of
proteins through two-dimensional gel electrophoresis (2D-GE). 2D-GE allows the visual
representation of thousands of proteins in a single gel and its combination with tandem MS
(MS/MS) of these individual proteins provided a means to characterise the proteome.
Although, the disadvantage of this methodology was that each of the individual proteins
required further processing for MS/MS analysis and therefore the process became labor
intensive.

Shotgun proteomics provided an alternative and less labor intensive method for the
analysis of proteomes. Shotgun proteomics refers to the separation and analysis of enzyme
digested proteomes through liquid chromatography-tandem MS (LC-MS/MS). Furthermore,
incorporating a second separation dimension provided utility in the detection of much more
of the proteome, since the dynamic range of a given proteome is many orders of magnitude.
Some of the largest shotgun proteomics studies have detailed the characterisation of over
7,000 individual proteins illustrating the power of two dimensional shotgun proteomics“. In
addition, quantitative strategies in combination with shotgun proteomics has provided a
means of assessing differences in abundance of proteins within a proteome under different
biological conditions'*'°.

The purpose of this Chapter is to provide background knowledge of the types of

membrane proteins and how they have been adapted to shotgun proteomic analysis. In
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addition, this Chapter also details an alternative separation dimension, immobilised pH
gradient isoelectric focusing (IPG-IEF), for use in two dimensional shotgun proteomics and
its advantages for the analysis of the membrane proteome. Finally, this Chapter provides
knowledge of a specific application of quantitative shotgun proteomics to a biological
question involving liver membrane proteins and their role in altered liver metabolism in

relation to tumor-induced inflammation.
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1.2 Membrane Proteomics

This section is intended to provide a review of the methods involved in the shotgun
proteomics analysis of membrane proteins. This review provides knowledge of the types of
membrane proteins and their enrichment and purification as well as background knowledge
of shotgun proteomics and the basic principle of a shotgun proteomics experiment.
Furthermore, information is also provided on the application of shotgun proteomics to the
analysis of membrane proteins from the early studies that demonstrate the application of the
methodology to recent large scale studies. Finally, quantification methods are reviewed to
provide an understanding of the possible methods of analysis of membrane proteins through

quantitative shotgun proteomics.

1.2.1 Membrane Protein Structure and Sample Preparation

1.2.1.1 Membrane Protein Structure

Membrane proteins are defined as those that associate with lipid membranes of cells,
which are classified into two main groups; peripheral and integral. Peripheral membrane
proteins are those that associate with integral membrane proteins, or the polar heads of the
membrane bilayer but do not actually associate with the hydrophobic fatty acids of the
membrane (Figure 1.01). For these reasons, peripheral membrane proteins are more
commonly involved in intracellular signalling. Peripheral membrane proteins bind to integral
membrane proteins in the cyotosol of the cell through domains such as Src homology
domains, examples of these proteins include; phosphoinositol 3-kinase (PI3-kinase)'’,

growth factor receptor-bound protein 2 (GRB2)'® and insulin receptor substrate 1'*?°. The
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interaction between peripheral membrane proteins and integral membrane proteins is usually

only transient allowing removal with high salt concentrations and elevated pH (pH 11)*'.

Extracellular

oo, T
P9 O
PRIy

AL A A
O R e e ST
{y Glycolipid

T - Integral Membrane Integral Membrane Proteins
Pratein

Peripheral Membrane Protein
Intracellular

Figure 1.01: Membrane proteins associate with the membrane in a variety of ways and are categorised
into two classes; peripheral membrane proteins and integral membrane proteins. Integral membrane
proteins contain hydrophobic transmembrane segments, which allow them to embed into the membrane
with either single or multitransmembrane domains. Furthermore, integral membrane proteins may be

associated to the membrane by attachment of a post-translational (PTM) modification such as lipid

anchors and glycosyl phosphatidyl inositol (GPI). Adapted from Lodish et al?.

Integral membrane proteins are those that tranverse the lipid bilayer either partially or
entirely. Those that span across the membrane are known as transmembrane proteins in
which the association with membrane is through secondary structures known as alpha
helices. a-helices are rod like structures with the majority of amino acids being non-polar,

which aids in the interaction with the hydrophobic alkyl chains of fatty acids within the
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membrane. Transmembrane proteins may span the membrane once, known as single pass
membrane proteins or numerous times, known as multi-pass membrane proteins. Single pass
membrane proteins can be further sub-categorised into type I and type II integral membrane
proteins. Type I integral membrane proteins have an amino terminal end protruding into the
extracellular environment. Type II integral membrane proteins have the N-terminal
protruding into the cytosol of the cell. In addition, some integral membrane proteins are
known as porins, which use B-pleated sheets to form tertiary structure known as a [3-barrel,
which forms a pore within the membrane. 3-barrel membrane proteins are typically found in

prokaryotes (e.g. bacteriorhodopsin).

Integral membrane proteins can also be attached to the membrane by post-translational
modifications (PTM) through lipids, phospholipids, glycolipids or glycosyl
phosphatidylinositol anchors (Figure 1.02). Myristoylation is a PTM that anchors proteins to
the membrane by forming an amide bond between the proteins N-terminal amine group and
myristic acid. An alternative method for attaching proteins to the membrane uses cysteine
thioester linkage to fatty acids such as stearate, palmitate, oleate or myristate, which are
common ways in which the Ras and Src family of proteins are anchored to the lipid bilayers.
Cysteine residues within proteins may also be attached to the lipids such as farnesyl or
geranylgeranyl through thioether linkage, which is also used to anchor the Ras family of
proteins to the membrane®* **. Finally, proteins can be attached to the membrane by glycosyl
phosphatidylinositol (GPI) anchors (e.g. Thy-1 glycoprotein)™. GPI anchors are formed by
the attachment of an ethanolamine group with an oligosaccharide to the carboxyl terminus of
the protein. The oligosaccharide is made from three mannose and a glucosamine sugars,
which is attached to the lipid bilayer through a phospholipids. It has been suggested that

0.5% of all proteins in eukaryotic species are associated with the membrane by GPI
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attachment™. It has also been suggested that GPI anchors allow membrane proteins to cluster

. . . . .. 27
into organised structures known as microdomains (or lipid rafts)”’.

Outside of cell

C Cytosol

Figure 1.02: Lipid anchored membrane proteins are attached to the membrane in various ways.
Proteins can be attached to the membrane by amino linkage between the N-terminus of the protein and
myristic acid (Src family). Proteins can also be attached to the membrane by thioester linkage to
stearate, palmitate, oleate and myristate or thioether linkage to farnesyl or geranylgeranyl polymers
(Ras family). Finally, proteins can also be attached to the membrane by glycosyl phosphoinositol (GPI)
anchors (Thy-1 protein). Adapted from Cooper (2000)%.

In addition, some IMPs do not have particular secondary structures or post-translational
modifications but are rather part of a protein complex that transverses the membrane. It is

arguable whether these proteins are indeed IMPs because they do not specifically interact
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with the membrane bilayer. For example, the ubiquinol-cytochrome ¢ oxidoreductase core
subunits do not physically interact with the lipid bilayer, but transverse the membrane

through interactions with proteins embedded into the membrane®.

1.2.1.2 Membrane Protein Isolation and Purification

The analysis of membrane proteins is problematic in many ways. Membrane proteins in
general are poorly soluble due to the high proportion of hydrophobic amino acids and
furthermore, membrane proteins are generally of low abundance compared to their cytosolic
counterparts”. Membrane proteins are difficult to solubilise because they contain both
hydrophilic and hydrophobic domains. For this reason, solvents that are both water-based
and organic-based are optimal for membrane protein solubilisation. Surfactants do provide
both water and organic components, which are very useful in membrane protein
solubilisation. However, surfactants are generally frowned upon in shotgun proteomcs
studies because most are incompatible with MS (with the exception of acid-labile salts). To
overcome the problem associated with membrane protein abundance, enrichment and
purification methods for whole membranes or membrane proteins have been developed.
These methods aim to provide a relatively enriched membrane protein sample with little
contaminating cytosolic proteins, enhancing the ability to analyse this subset of proteins.
Due to both solubility and abundance problems associated with membrane proteins, the most
common methods for their analysis involve membrane protein enrichment and subsequent
digestion (See Chapter 1.2.4) with enzymes to remove soluble domains.

The first application of membrane protein enrichment was performed in the 1940s, which
used density gradient centrifugation to fractionate tissue’'. Density gradient centrifugation
was improved by using high concentrations of sodium carbonate at high pH on the purified

cellular membranes for removing cytosolic contaminants®>. Molloy et al., (2000) further
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modified this method by using sodium carbonate treatment as the first step prior to high
speed centrifugation for enrichment of cellular membranes from Escherichia coli whole cell
lysates®. This method uses less clean up steps and removes the need to centrifuge proteins
through sucrose. The high salt and pH conditions used in sodium carbonate based
purification helps to remove peripheral membrane proteins and cytosolic contaminants by
solubilisation and breaking electrostatic interactions between these proteins and the lipid
membrane. Carbonate in combination with high speed centrifugation has now become the

34-39 40
. Wu and colleagues™ have

basis behind many membrane enrichment strategies
demonstrated electron microscopic analysis of the carbonate treated membranes and show
that the overall micelle structure of the membranes is still intact; however, the micelles
contain large openings, which allow the digestion of membrane proteins on both sides of the
membrane bilayer (Figure 1.03).

The initial studies by de Duve on density gradient centrifugation’® used sucrose as the
medium for tissue fractionation. This method separates membranes from cytosolic proteins
by buoyancy because membranes float within dense media such as sucrose. The use of
sucrose for the density separation of membranes from cytosolic proteins is still used in
proteomic studies *"* **. Isolation of membranes by density gradient centrifugation, though
useful, still requires additional steps to remove the sucrose either through protein

precipitation with organic solvents or membrane clean up methods such as the

aforementioned sodium carbonate method.
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Figure 1.03: (A) Electron microscopy analysis of carbonate treated membranes demonstrating
segments of missing membrane within the lipid bilayer (red arrow) and (B) computer generated
reconstruction of the lipid bilayer micelle with large openings in the membrane structure. Adapted from

Blackler et al*.

Alternatively to high speed centrifugation techniques, detergent based purifications of
membrane proteins have also been popular. In the 1980s, detergent two phase partitioning
was developed for isolation of membrane proteins using the Triton series of detergents,
particularly Triton X-114 *. Alternatively, two phase partitioning is also achieved using
polymer based separation using dextran and polyethylene glycol (PEG)*. This two phase
partitioning system has been used by Schindler et al., (2006) for the specific enrichment of
plasma membrane proteins, where plasma membrane proteins tend to have an affinity for the
PEG layer due to charge and hydrophobicity ¥ Like sucrose density gradient centrifugation,

an additional clean up step is required for detergent removal.

Solvent based extraction methods have been developed using a mixture of
chloroform/methanol, which has been used for the enrichment of membrane proteins from
E.coli*®, Arabidopsis thaliana’’ and Brassica oleracea®. This organic solvent based

extraction method was successful in enriching for hydrophobic membrane proteins that
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where separated by SDS-PAGE and identified through LC-MS/MS from A.thaliana®’.
Chloroform/methanol extraction provides a means to delipidate the lipid bilayer making the
proteins more amenable to trypsin digestion. Compared to digestion of proteins from
membrane pellets, chloroform/methanol delipidation provided an increase in the recovery of
peptides from these membrane proteins®’. Organic solvent based extraction methods similar
to sodium carbonate methods are advantageous because the number of steps required to

extract membrane proteins is reduced and samples do not require further clean up steps.

Cell surface capture methods have also demonstrated utility in purifying membrane
proteins from cells and tissues. Surface biotinylation has been useful in providing membrane
protein identifications from mouse embryonic stem cells™, human umbilical vein endothelial
cells’’ and Shewanella oneidensi’>. The biotin preferentially binds to the cell surface
receptors through interactions with the amino acid lysine. Membrane proteins are then
purified by processing the biotin coated membranes through Strepavidin resins and then
using reducing agents for removal of the proteins from the resin. However, this method is
only applicable to cell surface proteins. In addition, colloidal silica has also been used for the
recovery of cell surface membrane proteins, which coats the surface of cells with silica™>°.
The silica creates a dense membrane, which is purfied by centriguation and provides

relatively planar membrane sheets. However, like biotinylation, the colloidal silica method is

only applicable to cell surface membrane proteins.

It is important to mention that none of the above extraction methods for providing
membrane protein preparations results in an entirely pure preparation. In each of these
methods, a small portion of identified proteins are from cytosolic origin. In many cases,
proteins such as tubulin, actin and ribosomal proteins are also commonly identified in these
preparations. Nonetheless, using these methods improves the ability to detect low abundance

membrane proteins that may otherwise be lost when separated with whole cell lysates.
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1.2.1.3 Digestion of Membrane Proteins

Shotgun proteomics as a methodology requires that proteins are digested into peptides for
analysis by LC-MS/MS. In-solution digestion of membrane proteins in the presence of the
membrane has proved to be a reliable method for obtaining peptides from soluble domains
of IMPs®" ** *®_ Intact membrane proteins are difficult to fractionate using shotgun
proteomics except when methods such as sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) are used. In addition, analysis of proteolytic peptides from
membrane protein digestion by LC-MS/MS has demonstrated utility in identifying
membrane proteins’” % ** 3% 3 3702 These methods improve upon membrane protein
analysis because proteolytic peptides do not have the same physiochemical constraints in
comparison to intact membrane proteins. Although this methodology only allows the
digestion of soluble segments of the protein, protein identification is still achievable based

on the soluble portions of the protein.

Washburn et al., (2001) demonstrated the identification of membrane proteins from
trypsin digestion of Saccharomyces cerevisiae cell lysate’. In these experiments, insoluble
(membrane) fractions after cell rupture were treated with 90% formic acid, followed by
cyanogen bromide treatment for protein digestion9. This chemical digestion was followed by
a pH neutralisation step with further digestion with trypsin or EndoLysC’. The use of
cyanogen bromide is an advantage because this chemical cleaves after methionine, whereas
trypsin cleaves on the carboxylic side after lysine and arginine, which are not commonly
found in transmembrane segments of membrane proteins unlike methionine.

Identification of membrane proteins has also been achieved through non-specific enzymes
such as proteinase K, which has been implicated in increasing the percent sequence coverage

of available soluble domains from the enriched membrane proteins®. Using non-specific
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enzymes such as proteinase K, proteins are digested into random peptides with overlapping
sequences, which helps in identifying the membrane proteins. The use of proteinase K was
conducted at high pH to patially suppress the activity of the enzyme so that proteins are not
digested into individual amino acids but into peptides suitable for MS analysis.

Thermal denaturation and organic solvents have also demonstrated utility to enhance the
solubility of membrane proteins aiding in their enzymatic digestion®. Organic solvents have
been shown to increase peptide sequence coverage and parent ion intensities, which are used
by protein assignment algorithms such as Mascot and X-tandem for assigning peptide and
protein scores™. The organic solvents used in these experiments were methanol, acetone, 2-
propanol and acetonitrile. The results from this study showed that 60% methanol (v/v) and
80% acetonitrile (v/v) were optimal for trypsin digestion®. Blonder and colleagues using
60% methanol assisted digestion and shotgun proteomics techniques have identified
membrane proteins from Pseudomonas aeruginosa®®, Halobacterium halobium® and rat
natural killer cells™. For shotgun proteomic experiments, increasing peptide and protein
scores from identified proteins from enriched membrane preparations results in a higher
number of identified membrane proteins. In addition, the organic solvents help in
solubilising membrane proteins aiding in their digestion with enzymes like trypsin that are
still capable of digestion in a partial organic environment. Organic solvents work by
providing an organic environment, which has similar properties to that of the hydrophobic
alpha helices aiding in solubilisation and therefore, access of trypsin to the digestion of these
hydrophobic domains.

Membrane protein digestion has also been improved through the use surfactants used at
low percentages'’. Membrane protein digestion in the presence of surfactants is similar to
organic solvents in that detergents provide a means for partially solubilising the membrane
proteins and therefore, allowing access of trypsin to digest hydrophobic parts of the proteins.

Han and colleagues proposed a method for strong cation exchange (SCX) fractionation of
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peptides from membrane proteins, which uses SDS solubilisation, subsequent dilution and
trypsin digestion'’. Sample dilution is essential for both trypsin digestion and to reduce the
effects of SDS on SCX fractionation and to retain the activity of trypsin. In addition to SDS,
mass spectrometry compatible surfactants also known as acid labile salts or “silent”
surfactants have also been developed, which have been used to solubilise membrane proteins
prior to trypsin digestion'> ®°®. Acid labile salts are advantageous because unlike other
detergents like Triton or SDS, acid labile salts are degradable at low pH. In addition, a
similar method was developed for urea solibulisation of membrane proteins prior to trypsin
digestion®. However, similar to SDS solubilisation, acid labile salt and urea solubilised

samples require subsequent dilution to retain the activity of trypsin.

1.2.2 Shotgun Proteomic Analysis of Membrane Proteins

1.2.2.1 Shotgun Proteomics

Shotgun proteomics is a bottom-up proteomics approach used to characterise a proteome
in a global sense. Shotgun proteomics is referred to as a technology that characterises a
complex mixture of peptides derived from a heterogenous pool of proteins, which is
analysed by tandem MS™. Large scale shotgun proteomics techniques typically use two
dimensions for separation of proteins or peptides, where the first dimension is referred to as
a fractionation step and the second dimension is almost always reverse phase
chromatography using a C18 resin to separate proteolytic peptides.

First dimension fractionation methods include both protein separation methods such as
SDS-PAGE and peptide separation methods such as chromatography or isoelectric focusing.
However, some common peptide based fractionation methods such as chromatography and

isoelectric focusing can also accommodate proteins. For protein based fractionation methods
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the resulting separated proteins requires proteolytic digestion prior to LC-MS/MS. On the
other hand, peptide based fractionation requires in-solution proteolytic digestion of proteins
prior to their separation. This concept involves separating the peptides into numerous
fractions, which reduces the overall complexity of the samples, resulting in the potential to
identify more peptide and protein identifications from the sample of interest.

Shotgun proteomics also relies on the ability to couple the second dimension reverse phase
chromatography with tandem mass spectrometry using electrospray ionisation or LC matrix
assisted laser desorption ionisation (MALDI)®. Electrospray ionisation involves the flow of
peptides in solution through a very fine capillary under high voltage into the ion transfer
tube of the mass spectrometer. This allows the peptides to enter the mass spectrometer in
gaseous state for mass and charge analysis. Coupling LC to electrospray ionisation allows
the peptides to be eluted off a reverse phase column into the mass spectrometer over a period
of time and not as a complex mixture of peptides from a single fraction from the first
dimension separation. The end result is an increase in the number of peptides detectable
from a single fraction being analysed. However, electrospray is not the only method
available for shotgun proteomics; peptides separated by reverse phase chromatography may
also be spotted down onto a matrix assisted laser desorption ionisation plate prior to MS/MS
analysis’’.

Once peptides have entered the mass spectrometer, sequential mass-to-charge analysis is
performed; once on the parent ion (ionised intact peptide) and another on the fragmented
products of the peptide. Sequential MS analysis of parent ions and fragment ions is
commonly referred to as tandem mass spectrometry. To create fragmented products of the
parent ions, peptides are collided with inert gas in a process called collision induced
dissociation. Peptide fragmentation results in a series of different sized fragment ions, which
are produced by random breakage of the peptide backbone (Figure 1.04). The random sizes

of the fragment ions allows for the recovery of the precise amino acid sequence of the
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analysed peptides and therefore, the identity of the original digested protein. To piece this
information together, the resulting MS analysis is processed through software programs to
match experimentally derived mass spectra with in silico MS/MS data to identify both the
peptide amino acid sequence and the original protein. In shotgun proteomics, this process
occurs hundreds of thousands of times throughout the analysis of a single fraction over the
length of the LC gradient. This process results in the possible identification of tens of

thousands of peptides corresponding to thousands of protein identifications over an entire

experiment.
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Figure 1.04: Mass-to-charge analysis of a peptide fragmented by collision induced dissociation in the
process of tandem mass spectrometry. The peptide is randomly fragmented along the peptide backbone
with differences in the mass-to-charge of each fragment ion resulting from the fragmentation occurring
between different amino acids. The difference in fragment ion mass-to-charge ratios allows the specific

amino acid sequence of the parent ion to be determined”.

1.2.2.2 Shotgun Proteomic Analysis of Membrane Proteins

The application of shotgun proteomics to membrane enriched samples has shown utility in
providing an increase in the number identified membrane proteins34'36’ 38, 41,5862 Table 1.1

lists some of the significant contributions to membrane protein characterisation through
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shotgun proteomics. Membrane protein analysis through shotgun proteomics was first shown
to be achievable through the separation and analysis of proteolytic peptides using
multidimensional protein identification technology (MudPIT)” **. MudPIT analysis of
membrane enriched samples from rat brain provided the identification of 454 proteins
providing a comprehensive profile of the rat brain membrane proteome™®. Following these
investigations, off-line strong cation exchange (SCX) chromatography was used to identify
496 membrane proteins from the human epidermis®® and 876 membrane proteins from rat
natural killer cells®. Furthermore, the analysis of IMPs in these studies was improved
through the use of increased fractionation and long LC gradients prior to MS/MS analysis
and provided a comprehensive coverage of the rat natural killer cell membrane proteome.
Alternatively, studies have also shown that in addition to increasing peptide fractionation
and LC separation prior to MS/MS, increasing sample load improves the coverage of the
proteome and enhances membrane protein analysis. Studies demonstrating the SCX
separation of 5 mg of proteins from mouse brain whole cell lysate provided the
identifications of 1447 IMPs’%. Furthermore, Lai and colleagues have demonstrated the
identification of approximately 1100 IMPs from the separation of 40mg of mouse liver
whole cell homogenate''. In these studies, high sample loading was accompanied by
increased fractionation wusing a three dimensional separation (anion exchange
chromatography, reverse phase chromatography and SDS-PAGE) prior to LC-MS/MS
analysis. These studies provide comprehensive coverage of the mouse liver membrane
proteome; however, the required time for MS analysis of the generated samples is unfeasible

for most laboratories.
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Table 1.1: Large scale analysis of membrane proteins using shotgun proteomics.

Fractionation
Sample Method Mass Spectrometry No. of IMPs | Year | Ref
Online SCX 2001
Yeast (MudPIT) 3D-ion trap (LCQ - Thermo) 131 (>3TM) 8
HL-60 cells Offline SCX 3D-ion trap (LCQ - Thermo) | 491 2001 |°
Deinococcus radiodurans | Offline SCX 3D-ion trap (LCQ - Thermo) | 215 2002 | ¥
Online SCX 2003
Mouse Brain (MudPIT) 3D-ion trap (LCQ - Thermo) | 454 37
Human Epidermis Offline SCX 3D-ion trap (LCQ - Thermo) | 496 2004 | *°
Rat Natural Killer Cells Offline SCX 3D-ion trap (LCQ - Thermo) 876 2004 |*
Pseudomonas aeruginosa | Offline SCX 3D-ion trap (LCQ - Thermo) | 333 2004 | 0
Linear-ion trap (LTQ - 2006
Mouse Brain Offline SCX Thermo) 1447 m
Quadrupole Trap (Qtrap4000, 2006
Rat Brain SDS-PAGE Applied Biosystems) 249 4
FT-MS/MS (LTQ-FT - 2006
Mouse Melanoma SCX Thermo) 645 &
Linear-ion trap (LTQ - 2007
Human Ovarian Tissue | C-IEF Thermo) 773 7
Linear-ion trap (LTQ - 2007
Yeast C-IEF Thermo) 407 73
Offline SAX - | FT-MS/MS (LTQ-FT - 2008
Mouse Liver SCX Thermo) ~1100 10
Mouse Kidney Offline SCX Qstar (Applied biosystems) 520 2008 | ™

Early studies on membrane proteomics used less sensitive, slower duty cycle MS and less
numbers of parent ions to be selected for fragmentation. These initial studies used 3D ion

traps for MS/MS analysisg’ 35, 38

and therefore, analysis at the time was improved through
increased sample fractionation, high sample loading and extended LC gradients.
Improvements in MS, particularly the development of 2D ion traps and Fourier-transform

ion cyclotron resonance MS, have allowed the large number of membrane protein

identifications''. Using high sample loading, increased sample fractionation, extended LC
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gradients prior to Fourier transform-MS/MS (FT-MS/MS), the largest identified mouse liver
membrane proteome of ~1100 IMPs was possible without subcellular fractionation''.

In comparison, shotgun proteomics techniques are superior to 2D gel based membrane
protein identification methodologies, since studies using shotgun proteomics have
demonstrated the amenability of these techniques to analysis of hydrophobic IMPs ° '%- 3% -
¥ This is exemplified in early shotgun proteomics studies, which demonstrated that the
proteolytic peptides from membrane proteins are amenable to separation and analysis using
shotgun proteomics™. Studies on the bacterium Deinococcus radiodurans using SCX and
gas phase fractionation identified approximately 60 integral membrane proteins** with grand
average hydrophobicity (GRAVY) scores greater than 0.3, a barrier above which proteins
are refractory to analysis by 2D-gels”. Additional studies have identified 45 proteins from
mouse brain homogenate® and over 100 proteins from rat natural killer cells®® that are
considered highly hydrophobic IMPs, providing evidence for the compatibility of shotgun
proteomics for the analysis of this subset of proteins. This analysis of the current literature

on membrane proteomics suggests that shotgun proteomics is the superior technique for the

analysis and characterisation of IMPs.

1.2.2.3 Transmembrane Proteins Identified Through Shotgun Proteomics

Analysis of shotgun proteomics experiments from eukaryotic species has shown that
transmembrane proteins are the most dominant class of the identified IMPs. Figure 1.05
shows the distribution of the identified TMPs from six selected shotgun proteomics studies®™
39727476 on membrane proteins. The total numbers of TMPs are presented as a percentage
of all identified TMPs from each experiment and is categorised by the number of

transmembrane segments. Single TMPs represent the largest group of TMPs identified in

these studies with 48.4 &+ 2.18% of the total number identified. Of the multipass membrane
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proteins, double transmembrane segment membrane proteins represent approximately 12.1 +
0.46% of the entire dataset. TMPs with greater than two transmembrane segments contribute
39.5% of the dataset. These studies provide evidence that shotgun proteomics is favorable
for the identification of TMPs, in particular large hydrophobic multi-transmembrane
proteins.

Each of the studies used in this analysis have been achieved through a diverse range of
techniques demonstrating that regardless of the individual approaches, shotgun proteomics
in general is applicable to the analysis of IMPs. The utility of shotgun proteomics for the
analysis of membrane proteins is substantiated by the identification of multiple
transmembrane segments containing TMPs. Multipass TMPs contain multiple hydrophobic
alpha helices, which increases the hydrophobicity of the protein making these proteins
generally difficult for proteomic analysis. Shotgun proteomic datasets contain a range of
TMPs based on the number of transmembrane segments, which range from one to twenty-
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Figure 1.05: Analysis of six large scale shotgun proteomics studies based on the percentage of the total
identified IMPs from individual studies as categorised by number of transmembrane segments. The
studies involve the analysis of IMPs from four different species, human, mouse, rat and yeast, using

different shotgun proteomics methodologies35’ 59,72, 74-76
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1.2.2.4 Quantitative Shotgun Proteomics

Quantitative analysis in shotgun proteomics can be divided into three main groups, which
include; label-based, metabolic labeling and label-free quantification. Label based
quantification uses chemical tags or radio isotopic labels that act as reporter molecules
during MS. In each case, the exact molecular weight of the chemical tag is known and is
required for determining the correct mass-to-charge ratio of the peptide and chemical tag
from the first MS scan. Metabolic labeling involves the incorporation of stable isotopes of
amino acids to form light and heavy forms of peptides, which can be distinguished by MS.
On the other hand, label-free quantification as the name implies, does not require chemical
modification and the relative quantitative values are determined from spectral counts
(number of redundant peptides from individual proteins) or elution peak areas of a peptide of
interest.

One of the earliest methods of label based quantification in shotgun proteomics was
conducted using isotope coded affinity tags (ICAT)'" . ICAT has been the feature of many
quantitative shotgun proteomic analyses and has been used for the quantification of
membrane proteins from, for example, human myeloid leukemia'®, Deinococcus
Radiodurans’’ and Jurkat T cells’®. However, the main disadvantage of ICAT labeling is that
the label is specific for cysteine residues, which are not present in every peptide. To
overcome this disadvantage, N-terminal labeling and metabolic labeling methods were
devised, which included isobaric tag for relative and absolute quantitation (i—TRAQ)79 and
stable isotope labeling in cell culture (SILAC)", respectively. Quantitative analysis in
shotgun proteomics experiments using i-TRAQ has advantages over ICAT labeling because
the labeling is N-terminal and therefore, the modification has the potential to label all
peptides. The i-TRAQ labeling methodology uses a nicotinoyloxy succinimide group, which

is made with varying molecular weights allowing the ability to perform a multiplexed assay.
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SILAC, unlike ICAT and i-TRAQ labeling methods, uses metabolic incorporation of
isotopic forms of essential amino acids. Cell lines are grown in culture in the presence of
either the light form of the amino acid or heavy form of the amino acid, which is
incorporated into the cells proteins. The disadvantage of SILAC is that the method was not
applicable to tissues; however, studies have demonstrated the metabolic labeling of rats with
N as a means of quantitative proteomic analysis*’. Metabolic labeling is still not
applicable to quantitative analysis on human subjects and therefore, as a labeling approach,
i-TRAQ is an ideal technology for quantitative shotgun proteomics.

Label-free quantitative shotgun proteomics has advantages over labeling approaches,
particularly because it does not require expensive labels and quantification only requires
peptide identifications. However, label-based approaches require that the peptide
identification must be accompanied by the labeling molecule to attain quantification. A
variety of methods have been developed to take ordinary shotgun proteomics datasets and
conduct methods which include statistical, data transformations and normalisation to
represent these datasets in a suitable fashion for quantitative purposes'® *'*’. One method of
label-free quantification involves the comparison of proteins between two different
biological conditions using peptide chromatography alignments and overall peak intensity to
quantify individual peptides from a given protein®’. Another method of label-free
quantification uses spectral counting as the means to assigning quantitative values to given
proteins. Therefore, these methods are distinct to from chromatography approach because
the quantitative values are assigned to the identified proteins and not the individually
identified peptides.

In order for label-free quantitation to be a valuable quantification method, there should be
no bias toward a subset of proteins based on protein size (number of amino acids),
differences in protein loading between replicate experiments, or other known information

about a given protein. A method developed to achieve these outcomes involves the
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normalisation of a proteins spectral count and the representation of the data as normal
(Gaussian) distribution through quantitative values termed normalised spectral abundance

factors (NSAF)™. The formula used to calculate the NSAF values is presented in Equation 1;

N
NSAF = (Spe/L) / Y (Spe/L)i Equation 1
i=1

Where Spc refers to the proteins spectral count and L refers to the proteins amino acid
length. A spectra count is a peptide identification assigned by mass spectra matching
algorithms through aligning experimental mass spectra to theoretical spectra within a
database. A spectral count only occurs when experimental mass spectra are assigned to a
peptide sequence (i.e. experimental mass spectra match to theoretical spectra that meet a
threshold probability value suggesting that the match is correct); however, the same
experimental spectra may be measured numerous times throughout an experiment and
therefore, each mass spectrum will result in an additional spectral count.

This method of label-free quantification is applied to biological questions in which three
or more replicate experiments have been conducted. Proteins are only used for quantitative
analysis if they are detected in all three experiments of either the control or treatment
experiments. Furthermore, this methodology also incorporates a method to allow proteins
with zero spectral counts in one sample, which would otherwise produce division by zero
errors during further analysis. This method involves assigning a fraction of a spectral count
to all proteins used in the analysis, which allows the assessment of true biological variation
where a protein may be completely “switched off” due to a treatment. Finally, to perform
Student’s t-test analysis of the proteins within the proteomics datasets between treatment and
control samples, the NSAF values are log transformed and the fraction of a spectral is

adjusted to satisfy a Shapiro-Wilk normality test. This method of calculating a proteins
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NSAF value has been valuable in the describing proteomic changes in protein abundance in

yeast cells™.

1.2.3 Summary of Membrane Proteomics

Membrane proteins are an important class of proteins which are implicated in the design of
many therapeutic agents. IMPs are a major class of membrane protein which has been
pursued in many proteomics experiments. The analysis of IMPs has been made much easier
with the use of membrane protein enrichment techniques, which remove highly abundant
cytsolic proteins. The major contribution to the characterisation of membrane proteins has
been the use of shotgun proteomics and the use of alternative sample preparation steps such
as organic solvent enhanced digestion. However, further improvements to shotgun
proteomics will be useful in providing increased coverage of the membrane protein
component of the cell. In addition, the use of quantitative shotgun proteomics for
investigating biological questions is a promising approach for the analysis of global changes

in the membrane proteome.
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1.3 Shotgun Proteomics using Immobilised pH Gradient Isoelectric Focusing

1.3.1 Isoelectric Focusing

In 1954, Kolin demonstrated the first application of isoelectric focusing for protein
separation, through separating hemoglobin from cytochrome C*. Kolin deduced the theory
that ampholytes in a pH gradient under the influence of a constant electric field strength will
migrate to a pH interval where the net charge of the ampholyte is zero, termed isoelectric
point®®. Above this pH interval, the ampholyte becomes negatively charged and below this
pH interval the ampholyte becomes positively charged. Applying an electric field of uniform
strength to the pH gradient, will enable the current to run in the direction of increasing pH,
which will result in the migration of molecules throughout the pH gradient. The pH
gradients Kolin produced in the mid 1950s were inherently unstable and therefore
researchers sought to investigate methods to create stable pH gradients. The first type of pH
gradient that was tried to overcome pH instability was produced by the use of ampholytic
compounds89 and it was speculated that compounds known as “carrier ampholytes” were the
essential ingredients for creating a stable pH gradient. Carrier ampholytes are molecules
with both acidic and basic buffering groups and must have the ability to carry an electric
field. Carrier ampholyte based isoelectric focusing did provide a means to separate
molecules by isoelectric point and was capable of separating thousands of proteins in
combination with SDS-PAGE’; however, the lack of stability in the pH gradient still

plagued the separation of proteins and peptides.

Righetti in the 1980s devised a system of IEF in which the buffering compounds are
immobilised into a polyacrylamide matrix’', which provided pH stability. These buffering
compounds known as Immobilines are made from acrylamide derivatives with reactive

carboxylic or tertiary amino groups at the opposite end of an acrylic double bond (general
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structure: CH2=CH-CO-NH-R) °'. These acrylamide derivatives polymerise with the
acrylamide and bis-acrylamide in forming the polyacrylamide gel. The polyacrylamide
matrix produces a medium that has unlimited stability to maintain the pH gradient and
therefore, this technique was termed immobilised pH gradient isoelectric focusing. Protein
or peptide loads are considerably higher with IPGs and do not effect the shape of the pH
gradient. In carrier ampholyte IEF, proteins being amphoteric species can affect the shape of

the pH gradient and therefore, protein load is greatly reduced **.

1.3.1 IPG-IEF as a Shotgun Proteomics Dimension

Shotgun proteomics has provided the ability to comprehensively characterise membrane
proteomes through various protein and peptide fractionation methods prior to LC-MS/MS.
First dimensional fractionation has made use of a variety of different techniques to separate
proteins and peptides, which include off-line SCX* %, on-line SCX> '* %, ¢cIEF"> ™ 7 and
1D SDS-PAGE™ - ** Recently, an alternative sample fractionation method has been
developed called peptide immobilised pH gradient isoelectric focusing (peptide IPG-IEF)*>
°7. This method involves the separation of proteolytic peptides across a pH gradient using
IPG strips followed by partitioning of the strips into multiple fractions to be processed
through LC-MS/MS.

Figure 1.06 provides a schematic of the shotgun proteomics methodology using IPG-IEF
as the first dimension of two dimensional shotgun proteomics. Firstly, a protein sample of
interest is digested into peptides, which are applied to an IPG strip in 8M urea. The peptides
are then focused across the IPG strip to their respective isoelectric points by applying high
voltage for an excess of 30kVhrs. The strips are then cut into multiple fractions and

incubated in either an aqueous”™ or organic solution’” to extract peptides out of the
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polyacrylamide gel. Each fraction of peptides is then processed through LC-MS/MS analysis

and searched against databases for protein identifications.
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Figure 1.06: Work flow for the separation, extraction and analysis by tandem MS of peptides by IPG-
IEF. Peptides derived from the trypsin digestion of proteins are applied to an IPG strip to which is
rehydrated and focused using an Ettan IPGphor (GE healthcare). The strip is then partitioned into
multiple fractions in which the peptides are extracted with water or organic solvents. Each fraction is
then processed by LC-MS/MS, followed by data processing and analysis of the resulting MS/MS spectra
through software such as SEQUEST, Mascot or X-Tandem. Figure is adapted from Cargile et al®.

Cargile et al first demonstrated the application of peptide IPG-IEF for the first dimension
separation of tryptic peptides from E.coli whole cell lysates prior to analysis through 3D ion
trap LC-MS/MS”. These experiments resulted in the identification of more than 6,000
peptides and 1,223 protein identifications. They also demonstrated the advantage of the high

sample loading capacity (max. ~5mg) of IPG strips for high coverage shotgun proteomics’.
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Immobilised pH gradient IEF demonstrated high resolution separation since the average
theoretical peptide pl per fraction correlated well with the IPG strip pH gradient. The
separation of peptides by IPG-IEF also demonstrated a triphasic distribution of peptides per
fraction with peptides being concentrated into fractions 2-12 (3.87-4.92 pl), 15-32 (5.33-6.93
pl) and 39-45 (7.97-9.63 pl)’>. These studies first demonstrated the utility of IPG-IEF for the
first dimension fractionation of peptides for shotgun proteomics studies.

The use of peptide IPG-IEF was further established with the characterisation of
Drosophila melanogaster proteins analysed through linear ion trap MS/MS and linear ion
trap FT-MS/MS”’. These studies demonstrated the analysis of approximately 1,700 proteins,
and showed that IPG-IEF provides high resolution analytical separation of peptides on the
basis of pl”’. Again, the peptide distribution showed three distinct separation peaks across
the analysed fractions and the average pl per fraction correlated well with the actual pH
gradient on the IPG strip. The accurate separation of peptides by peptide IPG-IEF was
demonstrated by the low standard deviation found in average pl for each fraction in the
study’’. These studies demonstrate that peptide IPG-IEF is an accurate, high resolving
analytical separation technique for shotgun proteomics.

Analysis of data from IPG-IEF experiments demonstrates that different regions of the pH

spectrum varied in consistency for the separation of peptides” *”’

. The separation of peptides
within the acidic to neutral pl regions of broad range (pl 3-10) IPG strips demonstrated high
resolution separation with low standard deviation in average pl per fraction® ?’. However,
much higher variability was seen in the basic end of the pH spectrum as demonstrated by
higher standard deviations in average pl per fraction’ °’. The high standard deviation in
average pl per fraction is due to the poor buffering capacity of basic peptides within the pH
gradient suggesting that acidic and neutral pH gradients are ideal for peptide separation.

After initial application of peptide IPG-IEF as a first dimension peptide separation

technique for shotgun proteomics, the separation of peptides was shown to be concentrated
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within the pl regions of 3-7°> °’. Essader and colleagues demonstrated that using narrow
range (NR) IPG strips within the pl region of 3.5-4.9, an enrichment of peptides could be
achieved”®. These studies demonstrated the identification of over 7,000 peptides from this
small pl increment, suggesting that the more acidic pl regions of most trypsin digested
proteomes are rich in peptides%. Furthermore, NR IPG-IEF within the acidic to neutral pl
regions has been used to overcome the problems associated with poor buffering capacity of
basic peptides”. These studies also demonstrated the high resolution separation of peptides
within NR acidic IPG strips providing evidence that NR IPG-IEF within the acidic to neutral

pl regions provides an alternative for peptide separation.

1.3.2 Theoretical Peptide Isoelectric Point and Peptide Separation

Theoretical peptide isoelectric points can be determined through the pKa values of
contributing ionizable groups from each amino acid within a peptide’®. In general, there are
three potential ionizable groups contributed from an amino acid; the C-terminal carboxylic
group, the N-terminal amino group and an amino acid reactive group. The carboxylic acid
group of peptides contributes very low pKa value with the majority of amino acids
contributing a pKa value of 3.55, with the exception of aspartate and glutamate with 4.55
and 4.75, respectively’®. In contrast, the N-terminal amino acids contribute more variable
amino pKa values with the majority having pKa values of 7.5°*. However, serine, threonine,
valine and methionine contribute lower amino pKa values and the amino acids proline,
alanine and glutamate contribute higher pKa values’®. Most notably, the amino pKa value of
8.36 for proline is much higher than other amino acids because unlike all other amino acids,
proline contains a secondary amino group. These pKa values are presented in Table 1.2 and

are values calculated by Bjellqvist and colleagues®®.
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In addition to amino and carboxylic pKa values, some amino acids contribute to the pl of
the peptides by contributing reactive groups. The amino acids aspartate and glutamate
contain acidic reactive groups and contribute an additional acidic pKa value. The reactive
group of histidine is more neutral with an imidazole side chain, which contains both acidic
and basic nitrogen atoms within the imidazole ring. In contrast, cyteine, tyrosine, lysine and
arginine all contribute basic reactive groups.

The separation of peptides by IPG-IEF is due to the existence of ionizable groups within
the peptide chain. Ionizable groups not only influence where the peptides find their pl within
the pH gradient but also influence their overall buffering capacity within the pH gradient.
For example, peptides generated from trypsin digestion of proteins contain C-terminal
arginine and lysine amino acids and therefore, the tryptic digestion favors the production of
peptides that have acidic to neutral pl values. Peptides with acidic to neutral pl values
generally have two acidic ionizable groups and therefore buffer well within the acidic to
neutral pH regions of the pH gradient. In addition, since trypsin cleaves after lysine and
arginine, the number of peptides with acidic to neutral pl values is far greater than for
peptides that process basic pl values”. Furthermore, basic peptides contain two ionizable
amino groups contributed from the N-terminus and the reactive group of arginine or lysine.
The spatial difference between these two groups contributes to low buffering capability of
these peptides and results in the poor focusing of peptides observed in the basic end of the
pH gradient. In addition, the isoelectric point of basic peptides generally falls around 8-9.5,
where neither the N-terminal nor the reactive group (arginine or lysine) pKa values reside
within this range. This analysis suggests that acidic pl regions of the pH spectrum should be
rich with peptides and should provide high resolution peptide separation due to the high

buffering capacity of these peptides.
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Table 1.2: Amino acid C-terminal, N-terminal and reactive group pKa values as computed by Bjellqvist

etal >,
Reactive

Amino Acid Abrev.. C-term N-term Group
Glycine G 3.55 7.5 NA
Alanine A 3.55 7.59 NA
Valine \Y 3.55 7.44 NA
Leucine L 3.55 7.5 NA
Isoleucine I 3.55 7.5 NA
Proline P 3.55 8.36 NA
Serine S 3.55 6.93 NA
Threonine T 3.55 6.82 NA
Cysteine C 3.55 7.5 9
Methionine M 3.55 7 NA
Asparagine N 3.55 7.5 NA
Glutamine Q 3.55 7.5 NA
Phenylalanine F 3.55 7.5 NA
Tyrosine Y 3.55 7.5 10
Tryptophan w 3.55 7.5 NA
Lysine K 3.55 7.5 10
Arginine R 3.55 7.5 12
Histidine H 3.55 7.5 5.98
Aspartate D 4.55 7.5 4.05
Glutamate E 4.75 7.7 4.45

1.3.3 Peptide pl Filtering for Assigning High Confidence Protein Identifications

During the processing and analysis of data from shotgun proteomics techniques it has been
common practice to use high throughput methods for validating data. Using search programs
such as Mascot and SEQUEST cut off score values are used to limit the amount of false
positive data with the general acceptance for false discovery rates below 1%’’. One way to
reduce the amount of false positive identifications is to manually inspect each mass

spectrum. With large quantities of data (as high as hundreds of thousands of spectra), high
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throughput methods are considered to be much more manageable. With growing interest in
shotgun proteomics, methods that reduce false discovery rates are also highly desirable.

Recently, Cargile et al., have determined that IEF of peptides within IPG gels have high
reproducibility, accuracy and resolution’”. Researchers have made use of these attributes to
develope a method for reducing false positive identification rates by using peptide pl as
additional filtering criteria during data processing. Cargile et al., demonstrated that the
correlation of experimental and theoretical pl of peptides is remarkably accurate’ '®.
Firstly, programs such as SEQUEST or Mascot are used to search tandem MS/MS data for
possible protein identifications. In the process of matching spectra to peptides, spectra are
also searched through reverse databases to determine the number and therefore the rate of
false positives. Using the entire dataset of peptide identifications including reverse database
identifications, the dataset is then filtered using pl. The idea behind this concept is that
peptides with theoretical pl’s that are not within a set pl window of a given fraction are
assumed to be false and are removed from the dataset. By filtering the entire dataset
including reverse database identifications, one can filter out incorrect identifications, hence
reducing the false positive rate and achieving high confidence protein identifications.

Using peptides identified on a FT-linear ion trap instrument, Krijgsveld et al., identified
11,462 peptides from the forward database and 159 from the reverse database with a false
discovery rate (FDR) of 2.7%’’. When the data was filtered for pl, the forward database
contained 11,258 and the reverse database contained 115 reducing the false positive rate to
2%. The filtering of peptide data by pl is more pronounced for datasets identified by less
accurate MS where the false positive rate from an ordinary linear ion trap instrument
decreased from 9.8% to 3% °’. Peptide IEF with a FT-ICR linear ion trap was capable of
identifying 43% more protein identifications than SDS-PAGE based shotgun proteomics and
identified 1,751 validated protein identifications’’. These studies using IPG-IEF separation

of peptides therefore provide an alternative shotgun proteomics methodology that improves
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upon existing shotgun technologies based on providing high confidence protein
identifications through additional protein validation methods.

Krijgsveld et al., using pl as an additional filtering constraint used peptide level false
discovery rate analysis. Peptide level false discovery rates (pepFDR) are calculated at the
peptide level where peptide scores are ranked and adujusted to limit the percentage of false
positives in the entire dataset (>1%). In contrast, protein level false discovery rate can also
apply in a two step sequential filtering approach using pl filtering as the intial filter. Protein
level FDR (protFDR) as the name implies, is calculated at the protein level, where protein

scores are ranked and a threshold level is set beyond which assignments are incorrect.

1.3.4 Quantitative Shotgun Proteomics and IPG-IEF Separation of Peptides

Label-based quantitative shotgun proteomics using IPG-IEF as the first dimension of two
dimensional shotgun proteomics is problematic in many ways. Labeling approaches such as
ICAT or i-TRAQ, which chemical modify the peptides prior to separation also modify the
peptides pl. This is not problematic if the shotgun proteomics analysis is conducted
irrespective of where the peptides focus during IEF. However, IPG-IEF as mentioned in the
previous section is advantageous as a shotgun methodology of separating peptides because
peptide pl can be used as an additional filtering constraint for high confidence protein
identifications. Although chemical modification potentially alters a peptides pl, studies have
demonstrated that within acidic pl regions of IPG strips, the observed changes in peptide pl
due to chemical modification are only very small'”’. However, pronounced changes are
postulated for peptides that would ordinarily produce basic pl values'”'. Using acidic NR
IPG strips with i-TRAQ labeling of peptides was achieved recently in studies on H69 lung
cancer cells'®. The use of i-TRAQ labeling is therefore restricted to use with only acidic NR

IPG strips. Unlike, i-TRAQ or ICAT, SILAC labeling methodology is not problematic for
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IEF separation in shotgun proteomics because the isotopic amino acids have the same pl.
However, as mentioned previously, the use of SILAC is restricted to studies involving the
labeling of cell in culture. N'> metabolic labeling provides an alternative approach to
labeling proteins from tissues but like SILAC, incurs an additional cost.

Label-free quantification provides the most ideal situation for quantitative analysis, since
the methodology does not require chemical modifications, does not incur an additional cost
for labeling peptides and does not restrict the use of broad range (BR) IPG strips for peptide
separation. The use of label-free quantitative shotgun proteomics in combination with IPG-
IEF to separate peptides has not been demonstrated to date. However, one down-side to
label-free quantification is the number of MS/MS experiments required, which exceeds the

multiplexed analysis used in i-TRAQ based shotgun proteomics.

1.3.5 Summary of Isoelectric Focusing based Shotgun Protoemics

With both the reproducibility and high resolution capable with IPG-IEF of peptides,
shotgun proteomics with the technique of peptide IEF provides a useful alternative to other
shotgun methods. The resolution of IPG-IEF is further improving with the development of
pH gradients that range between 0.25-0.35 in pH range. The use of IPG-IEF of peptides in
either broad or narrow range format provides a superior technique to existing technologies
for shotgun proteomics. In addition, using pl as filtering criteria for the extra validation of
shotgun proteomics datasets, one can reduce the false positive identifications providing
stringent protein identification criteria. Overall, [PG-IEF separation of peptides for the first
dimension of label-free quantitative two-dimensional shotgun proteomics contains many

advantages over existing shotgun proteomics methods.
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1.4 Liver Integral Membrane Proteins and Tumor-induced Inflammation

1.4.1 Introduction

The liver is a critical organ involved in key metabolic functions such as the regulation of
blood glucose levels, the body’s fat metabolism, bile acid production and the elimination of
xenobiotic compounds. For these reasons, the liver has been a primary organ of interest for
the overall well-being of humans. The liver has been studied heavily at both the gene and
protein levels in association with diseases such as heptocarcinoma, cholestasis, alcoholism,
hepatitis, inflammation and liver fibrosis but to name a few. Inflammation is a well studied
manifestation of disease that regulates the expression of specific genes and results in the
production of liver proteins to induce a functional outcome.

Recently, tumor-induced inflammation has been identified as a pathological manifestation,
which causes abnormalities in liver metabolism*’. Perturbed liver metabolism through
tumor-induced inflammation has been associated with the lack of safety of chemotherapeutic
drugs in the treatment of cancer’. The reasons for the lack of safety of these drugs are due to
the reduced ability to process and excrete potentially toxic forms of the chemotherapeutic

6, 103, 104

drugs . Tumor-induced inflammation has been shown to result in increased levels of

7195 Knowledge of underlying

blood interleukin-6, a pro-inflammatory cytokine®
mechanisms of perturbed metabolism in the liver in the presence of a tumor is not well
understood; however, other inflammation based metabolic changes in the liver have been
investigated in more detail. These studies involve both genomic and proteomic
investigations and allow some understanding of inflammation responses in the liver in the
presence of a tumor.

In 2008, according to the World Health Organisation, 1 in 2 men and 1 in 3 women have a

lifetime risk of cancer. In addition, the expected new cases of cancer in the USA alone, is
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expected to reach 1.4 million in 2008. Furthermore, approximately 7.6 million people last
year died from cancer or cancer-related illness. With such high incidence of cancer, the
potential for complications associated with lack of safety of chemotherapeutic compounds
used to treat cancer is also high. These statistics highlight the need for better understanding
of how cancer can influence the safety of chemotherapeutic compounds in relation to drug
metabolism and clearance in the liver.

Liver metabolic functions have been investigated using a variety of scientific methods
from genome level analysis through to the protein level analysis. Proteomics, in particular
shotgun proteomics, has the potential to provide a better understanding of liver metabolism
because this analysis is focused on the functional level of the cell. Large scale proteomics is
also advantageous because it allows global representation of the proteins involved in liver
metabolism and has demonstrated utility in providing a protein profile of the liver. Using
quantitative proteomics, a global profile of changes in protein abundance in relation to a
disease setting has yet to be demonstrated for tumor-induced inflammation related responses

in the liver.

1.4.2 Liver Structure and Organisation

The liver hosts a range of cell types with specialised functions, which include;
hepatocytes, stellate cells (or ito cells), endothelial cells and kupffer cells (or liver
macrophages) (Figure 1.07). Hepatocytes make up approximately 70-80% of all cells within
the liver and are involved in the xenobiotic metabolism, one of the major functions of the
liver. Hepatocytes are polarised cells containing a basolateral membrane (sinusoid
membrane) and an apical membrane (canaliculi membrane). Hepatocytes are involved in the

uptake of a variety of molecules from the sinusoid, including xenobiotics, bile acids and
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sugars. In addition, one of the major functions of the liver hepatocytes is the production of

bile, which is secreted into structures known as the bile canaliculi.

Sinusoid
Bile Canaliculi

Kupfter Cell

Fenestrated
Endothelial Cells

Hepatocyte

Fed Blood Cell

Figure 1.07: Cellular structure of the liver with the hepatocytes which have contact with the sinusoid
vessels at the basolateral membrane and the bile canaliculi at the apical membrane. The sinusoid
contains endothelial cells, liver resident macrophages (Kupffer cells) and stellate cells (Ito cells).
Adapted from Lodish et al?.

The liver also contains stellate cells, which make up 5-8% of the liver cell mass. Hepatic
stellate cells are involved in two major processes; fat and vitamin A storage; and liver
fibrosis. Kupffer cells reside within the sinusoid of the liver and are involved in the
phagocytosis of red blood cells marked for degradation. Finally, endothelial cells also reside
in the sinusoid and are described as fenestrated because they present small windows, in
which hepatocytes can have direct contact with the sinusoid.

The major functions of the liver include the regulation of blood glucose levels, fatty acid
metabolism, bile production, xenobiotic metabolism, amino acid metabolism and the
clearance of expired red blood cells. Blood glucose levels are maintained by the liver

through a balance between glucose storage as glycogen in the liver and the break down and
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secretion of glucose into the blood stream. Key endogenous hormones such as adrenaline,
insulin and glucagon are all outside stimuli that maintain the function of liver glucose
metabolism. The regulation of blood glucose levels is mediated through the processes of
gluconeogenesis, glucogenolysis and glycogenesis.

In addition, the liver is involved in the breakdown of fatty acids but also plays a role in the
biosynthesis of fatty acids for the body when energy requirements are low, leading to the
storage of fats in adipose tissue. The liver is essential in the production of bile, which is
stored and released by the gall bladder for the reabsorption of fatty acids within the intestine.
Bile production is also linked to the metabolism and clearance of xenobiotics, another
essential function of the liver. Xenobiotics that are taken up by the liver are processed
through phase I and II metabolism and are cleared through the bile canaliculi or through the
sinusoid.

The liver is also involved in the catabolism of amino acids into ammonia through the urea
cycle. The activities of aminotransferases, which are involved in the degradation of amino
acids, are diagnostic markers for overall functioning of the liver. The liver also has a primary
role in protein metabolism with the ability to convert lactic acid into the amino acid alanine.
The liver also actively secretes a whole range of proteins into plasma such as fibrinogen,
prothrombin, proaccelerin, thrombokinase, apolipoprotein A-I, B, E, and albumin.

Finally, the liver is also involved in the degradation of expired red blood cells. Red blood
cells generally have a life span of 3 months and are cleared from the body through the
process of opsonisation in the liver. The breakdown of red blood cells also involves the
release of heme from the cells and the liver is therefore involved in the scavenging of lost

heme.
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1.4.3 Liver Proteomics

Proteomic analysis of liver tissues from rodents has provided detailed information on the
overall profile of this organ. A comprehensive proteome profile of mouse liver proteins was
provided by large scale analysis using extensive protein fractionation, long LC gradients and
high resolution MS'"* *. These studies provided the identification and relative abundance of
7,099 proteins from mouse liver demonstrating the detection of proteins from a dynamic
range of 4 orders of magnitude (Figure 1.08)''. The most abundant proteins include;
cytochrome p450s (Cyps), glutathione S-transefases (Gsts), oxidative phosphorylation
enzymes, ribosomal proteins and histones. It is both interesting and expected that cell
surface receptors such as epidermal growth factor receptor (EGRF), tumor growth factor
receptor (TGRF) and others cell surface receptors (e.g. intergins) are at the lower end of the
relative abundance in these studies. These observations demonstrate that the identification of
IMPs is not only dependent on subcellular fractionation methods but is also dependent on the
amount of material used for the analysis, number of fractions used to separate the proteins or
peptides, and the length of the LC gradient prior to MS/MS analysis. However, it would also
be possible to improve upon these shotgun proteomics methods by using sub-cellular
fractionation and the advantages of separating peptides by IPG-IEF.

In addition, the mouse liver proteome has also been extensively characterised by other
researchers, identifying 3,244 proteins™. In these studies, cytochrome p450s, GSTs,
ribosomal proteins, histones and oxidative phosphorylation enzymes were amongst the most
abundant protein identifications based on the number of redundant peptides. Furthermore,
cell surface receptors again were generally of low abundance compared to cytosolic and
organelle proteins. These results provide evidence for the use of membrane protein
enrichment techniques to improve upon the identification of IMPs, in particular the

identification of cell surface receptors from rodent livers.
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Figure 1.08: Identified proteins from label-free quantitative shotgun proteomic analysis of mouse
livers. Proteins are ranked from least abundant through to most abundant with growth factors,
cytokines, chemokines representing the former and cytochrome p450s, fatty acid binding protein and

glutathione S-transferase’s representing the latter. Adapted from Lia et al®.

1.4.4 Xenobiotic Metabolism and Transportation

Inflammation-induced changes in liver gene expression and protein abundance have been
well studied especially for proteins involved in the metabolism and transportation of
xenobiotics. Large scale analyses of the differences in liver metabolism mediated through
inflammation have been mostly conducted through genomic analysis, particularly microarray
analysis. Differential analysis of the liver proteome in association with inflammation has not
been studied in much detail; however, large scale proteome profiling of the liver in rodents
provides some detailed information on what proteins are abundant within this tissue. Figure
1.09 provides a schematic of the xenobiotic metabolism and transportation and bile acid
transportation pathways in hepatocytes of the liver, involving many proteins from the

cytochrome p450, ABC transporter and Solute carrier families.
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Figure 1.09. A general schematic of the transportation of bile acids and xenobiotics into hepotcytes.

Bile acids are cycled through enterohepatic circulation, where bile acids from the hepatocytes are
secreted into the bile canaliculi. After release from the gall bladder, biles acids emulsify fatty acids and
bring them back to the liver through Slco and Slcl0al proteins. Xenobiotics entire the hepatocytes
through Slc10al and Slco proteins are processed in the endoplasmic reticulum by phase I (Cyp) and 11
(Ugt and Gst) enzymes. The conjugated xenobiotics are then secrted into the sinusoid and bile canaliculi

by ABC transporters.

Cytochrome p450s

Some of the most abundant proteins found in rodent livers are the cytochrome P450
enzymes, which are known for their role in the phase I metabolism of 70-80% of all
xenobiotics'®. Several studies have demonstrated a link between differences in the family of
cytochrome P450 gene expression and IL-6 mediated inflammation. For example, various
murine inflammation models involving endotoxin, turpentine or Citrobacter rodentium
infection have all shown down regulation of the hepatic expression of the cytochrome P450
members 3A11, 1A2, 2A5, 2C29, 4A10, 4A14, 4F14 and 4F15% '7'%° In addition, changes

in some of these enzymes have been confirmed at the protein level using Western blots, even
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though it is known that the antibodies used in these studies are not particularly isoform

4 107198 "This highlights another advantage of proteomics, in that isoform specific

specific
peptides can be identified and used to confirm the differential expression of P450 enzymes.
Studies involving the quantitative proteomics analysis of P450s in hepatic injury induced
by carbon tetrachloride demonstrated the differential expression of P450 enzymes using
acetylation stable isotope labeling with FT-LC-MS/MS. These studies demonstrated the
differential abundance of 2C11, 3A2 and El, which were all down-regulated; while 2C6,
2B2 and 2B1 were all up-regulated in rat livers''. Furthermore, studies involving 1,4 bis 2-
(3,5)-dichloropyridyloxybenzene treatment of mice demonstrated the up-regulation of 1A2,
2A4/2A5, 2B10, 2B20, 2C29, 2C37, 2C38, 3A11 and 39A1; however, 2C40, 2E1, 3A41,
27A1 were all down-regulated'''. Furthermore, the most comprehensive mouse liver
characterisation studies conducted to date have demonstrated the identification of 43 and 39

193 "out of a possible maximum of 102 as calculated

different P450 enzymes, respectively
from genome analysis. The power of proteomics to distinguish between different P450
isoforms and the ability to detect differential expression of these enzymes in the same

analysis is a good reason for the use of proteomics for characterising the differential

expression of P450s.

ATP-Binding Cassette Family and Solute Carrier Family Transporters

Another key area of interest within the drug metabolism field is the transportation of
xenobiotics into and out of hepatocytes for the metabolism and clearance of these
compounds. The transportation of these compounds is controlled by two classes of
transporters, which include the Atp-binding cassette family (ABC) and the solute carrier
family (Slc). The study of ABC transporters and Slc members has been achieved at the

transcript level and protein level in the mouse and rat liver.
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Inflammation has been shown to change the expression of ABC transporter transcripts in
rodent livers. Specifically, both tumor-induced inflammation and IL-6 mediated
inflammation have been implicated in the differential expression of gene transcripts and
protein abundance of ABC transporters’'. In particular, injection of an EHS sarcoma into the
hind limb of mice has been shown to down-regulate the gene expression of ABC
transporters, C2, C3, G2, B4 and B11 (Berp) with an unaltered level of expression for Bla’.
In addition, ABCC2 and C3 were further confirmed to be down-regulated at the protein level
through Western blot analysis“. Furthermore, Bla, B1b, B4 and B11 were all shown to be
down-regulated in turpentine-induced''® ', IL-6-induced''*'"*, and lipopolysaccharide-

induced inflammation!'> '3

in rodents. The gene expression of Slc transporters has similar
characteristics to ABC transporters, in which SIc10A1, 1B2, 1A4 have been shown to be
down-regulated in tumor-induced inflammation”.

In proteomics studies, ABC and Slc transporters are quite difficult to analyse because
these proteins are particularly hydrophobic containing many transmembrane segments
resulting in their poor solubility. Figure 1.10 illustrates some of the structures used by Slc

115

proteins of family 25, the mitochondrial localised family ~ and family 31, the copper

transporters' '®. In large proteomics studies in mouse liver, ABC and Slc transporters have

11, 93 .
> 770 It 1S

been identified, including; 31 and 18 from individual studies, respectively
important to note that Slc10A1 (a key transporter of bile acid and xenobiotic uptake into the
liver) was not identified in either of these large scale proteomics studies, yet has been
implicated in the uptake of drugs at the basolateral surface of hepatocytes''” "8 These
studies demonstrate that large scale proteomics studies are able to identify some ABC and
Slc transporters involved in xenobiotic metabolism and clearance but the use of alternative

proteomics methods such as membrane protein enrichment could possibly enhance the

analysis of this subset of proteins.
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Figure 1.10: Representative structures of solute carrier
family members with multi-transmembrane segments. (A)
Solute carrier family family 25, which are localised to the
mitochondria and are formed from monomers containing 5
transmembrane segments. (B) Human solute carrier family

31, which are copper transporters, which form a pore in the

. M-Tarm C-Tarm membrane using three monomers with
Cytosolic three  transmembrane  segments.
Adapted from Palmieri et al**® and
Petris et al''.
Matrix

1.4.5 Summary of Liver Proteomics and Tumor-Induced Inflammation

The liver is a specialised and vital organ, which is generally indicative of the well being of
an individual. Many factors influence the metabolic function of the liver; however, one
factor that has been somewhat overlooked is the affects of a spatially unrelated tumor. The
presence of a tumor, which leads to tumor-induced inflammation, has been shown to
influence the expression of some proteins in the liver explaining some of the reasons behind
the lack of safety of some chemotherapeutic drugs. Quantitative proteomics has the potential
to provide a better understanding of the liver metabolism in association with tumor-induced
inflammation. In particular, quantitative shotgun proteomics is one such proteomics
technique that would allow the overall assessment of liver metabolism at the protein level in
relation to tumor-induced inflammation. Quantitative shotgun proteomics has advantages

over existing methods such as Western blot analysis because it has the ability to distinguish
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between enzyme isoforms. This is particularly evident in the liver with the vast array of
cytochrome p450 enzymes that are known to play an important role in drug metabolism and
chemotherapeutic drug safety. In addition, membrane proteins within the liver play an
important role in the clearance of xenobiotics such as ABC transporters and solute carrier

proteins.
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1.5 Thesis Aims and Scope of Research

The first aim of this research project was to develop a proteomics methodology that uses
IPG-IEF as the first dimension separation for two dimensional shotgun proteomic analyses
of liver membrane proteins. In addition, the aim was to provide a protein profile of the rat
liver membrane proteome. These set of aims were designed to improve upon the existing
identified membrane proteome and increase the characterisation of these identified
membrane proteins. The advantage of IPG-IEF over alternative shotgun proteomics
techniques suggests that this technique has the potential of providing a more comprehensive
profile of the rat liver membrane proteome.

The second aim was to improve upon the coverage of the rat liver membrane proteome by
using NR pH gradients as an alterative to BR pH gradients and to demonstrate this aim
through label-free quantitative shotgun proteomic analysis. NR IPG-IEF is advantageous for
shotgun proteomics because it allows the detection of peptides that would otherwise go
undetected using broader pH gradients. In addition, relative quantification would provide
information on the relative abundance of each protein within the rat liver membrane
proteome.

The third aim of this research project was to use the quantitative shotgun proteomics
methodology developed from the first two aims to determine the affects of tumor-induced
inflammation on the abundance of membrane proteins in the liver. This aim was designed to
provide information on the overall metabolic changes in protein abundance in mouse livers
in relation to a tumor. This information will help to provide more understanding of the
implication of tumor-induced inflammation in the relation to cancer treatment, particularly

chemotherapy.
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Chapter 2:
Shotgun Proteomic Analysis of

Rat Liver Membrane Proteins
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2.1 Introduction

Analysis of membrane proteins is an important field in proteomics because membrane
proteins represent 30% of the genome2 and constitute approximately 70% of all human
protein based drug targetsl. Analysis of membrane proteins has been notoriously difficult,
which has been demonstrated by their under-representation in 2D gels*" *” . The majority
of proteins presented by 2D gels have a tendency to be hydrophilic with grand average
hydrophobicity (GRAVY) (a measure of a proteins overall hydrophobicity) scores of less
than 0.3°. The problems associated with membrane protein analysis have been attributed to
poor extraction and/or poor solubility*' either during sample preparation or during protein
separation, such as the first dimension of 2D-GE'?’. Although SDS remains the most
efficient choice of solubilising reagent well suited to 1D gels, this surfactant hampers other
techniques such as two dimensional liquid chromatography and two-dimensional gel
electrophoresis.

Improvements in membrane protein analysis have occurred through increasing protein
solubility during sample preparation with the aid of solvents. Trypsin retains enzymatic

63, 121

activity in various solvent environments . Methanol, isopropanol, acetonitrile and

63, 121
’ and

acetone have all been shown to be compatible with trypsin enzymatic activity
recently, 60% (v/v) methanol has shown utility for membrane protein digestion®*. Membrane
protein digestion studies have also investigated the use of alternative enzymes to or in
conjunction with trypsin'?* and the use of acid labile salts for increasing protein solubility®®.
SDS solubilisation of membrane proteins has also been adapted to SCX fractionation but
only at very low concentrations (0.5%) so that the charge of the detergent has little affect on
SCX fractionation'’. For solubility reasons, SDS-PAGE analysis of membrane proteins has

been successful in providing large coverage of membrane proteomes because SDS has such

high solubilising power39’ 94 123, 124~ Alternative surfactants (e.g. CHAPS) have also been
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used for solubilising membrane proteins for 2D-GE to compensate for the incompatibility of
SDS with 2D-GE*"*> 12 12¢,

For protein identification studies, shotgun proteomics methods have alleviated some of the
problems (hydrophobicity) associated with membrane protein analysis. Earlier shotgun
proteomics approaches utilised MudPIT® for the identification of membrane proteins®'.
Recently alternative approaches using offline SCX chromatography '***® and SDS-PAGE
based techniques™ '** '** have been employed. For example, Wang and colleagues have
recently identified 7,800 mouse brain proteins, including 1,447 integral membrane proteins
by fractionating Smg of peptides using SCX fractionation and analysis with LC linear ion
trap MS/MS’2. Many shotgun proteomic methods typically use fast scanning, low resolution
mass measurements, which require filtering methods to minimize false positive

100, 127

. . . 97 . .
identifications™ " . Researchers have demonstrated an overall improvement in

membrane protein identifications using shotgun proteomics in comparison to the number
identified from 2D gels, especially proteins that are inherently hydrophobic®**% %72,
Recently, an alternative to using SCX or SDS-PAGE to separate peptides or proteins prior
to LC-MS/MS analysis was described where trypsin digested proteins were separated over
an IPG using IEF; this technique was termed peptide IPG-IEF* ', Analysis of tryptic
peptides from proteins from Escherichia coli whole cell lysate using peptide IPG-IEF on a
pH 3-10 linear IPG strip, allowed for the identification of 1,223 proteins from LC-MS/MS
analysis using a three dimensional ion trap mass spectrometer’”. Recently, linear ion trap
FT-ICR mass spectrometry has identified approximately 1,700 proteins from a pH 3-10 non-
linear IPG strip from Drosophila melanogaster nuclear extracts’’. Peptide IPG-IEF was
advantageous as peptide pl was demonstrated to be an accurate primary filtering criterion to
reduce false positive and false negative identifications” °”*% 1% 127 1p these studies, peptide

pl was used as part of a two step sequential filtering method which was used in addition to

. i . 97 . 96, 100, 127
either; false positive rate analysis™* or using Xcor cut off scores . The advantages of
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peptide pl filtering have not been evaluated for a two step sequential filtering approach
which uses protein level false discovery rates (protFDR) for assigning high confidence
protein identifications. The distinction between protFDR is that it is calculated at the protein
level, where protein scores are ranked and a threshold level is set beyond which assignments
are incorrect. However, peptide level false positive rates (pepFPR) are calculated at the
peptide level in which the following formula applies, 2 * n(reverse)/n(reverse) +
n(forward)”’, where reverse refers to reverse database assignments and forward refers to
forward database assignments.

The aim of this Chapter was to evaluate peptide IPG-IEF as a technique for shotgun
proteomics for the characterisation of the rat liver membrane proteome. We used this
technique to investigate the addition of methanol to the digestion solution for trypsin
digestion of rat liver membrane proteins. This Chapter also details the utility of a two step
sequential filtering approach based on orthogonal peptide and protein characteristics (peptide
pl and protFDR) for assigning high confidence protein identifications. This sequential
filtering approach reduces the discovery of false positive protein identifications and helps to
recover false negative protein identifications. Results in this Chapter demonstrate that
peptide IPG-IEF is a valuable alternative technique to traditional shotgun proteomics
techniques for the separation of peptides derived from trypsin digestion of membrane

proteins.
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2.2 Materials and Methods

2.2.1 Membrane protein isolation and preparation for peptide Immobilised pH

Gradient Isoelectric Focusing (IPG-1EF)

Rat livers obtained from 8 week old Dark Agouti rats (Save Sight Institute, Sydney Eye
Hospital, Australia) were perfused with 0.9% (w/v) phosphate buffered saline. Rat liver
tissue (1.5 g) was then homogenised in 10 mM HEPES buffer (pH 7.8) supplemented with 2
mM NaCl, 10 mM NaOH, 500 mM EDTA and protease inhibitors (3 mg antipain-
dihydrochloride, 0.5 mg aprotinin, 0.5 mg bestatin, 1 mg chymostatin, 3 mg E-64, 10 mg
EDTA-Na2, 0.5 mg leupeptin, 20 mg pefabloc SC, 0.5 mg pepstatin, 3 mg phosphoramidon)
(Roche Diagnostics, Switzerland) using an Omni TH homogeniser (Omni International Inc.,
VA, USA). The homogenised tissue was then centrifuged at 13,000 g for 15 min at room
temperature (RT).

Membrane proteins were isolated using a modified sodium carbonate stripping method 32,
37, Briefly, the supernatant was collected and diluted to a final volume of 40 mL in 0.1 M
sodium carbonate (pH 11) then incubated for 1 h rotating at 4°C. The carbonate-treated
membranes were sedimented by ultracentrifugation at 120,000 x g for 1 h at 4°C. The
supernatant was removed and the membrane pellet was washed once with 0.1 M sodium
carbonate (pH 11) and resuspended in 10 mM ammonium bicarbonate (NH4sHCOs, pH 7.8).
Sample was then transferred to a 20 mL glass scintillation vial and pulse sonicated using a
Branson 450 Sonifier (Branson, Danbury, USA) using 2 second bursts for 15 intervals on
ice. The sonicated sample was then reduced with 10 mM dithiothreitol for 1 h at 37°C and
subsequently alkylated with 55 mM iodoacetamide at RT for 30 min. Protein quantification
was conducted by Bradford Assay (Sigma-Aldrich, MO, USA). Trypsin digestion was

conducted in 10 mM NH4HCO; (pH 7.8) with three different concentrations of methanol,
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which included; 0%, (v/v) 40% (v/v) and 60% (v/v). A 300 ug aliquot of protein was
digested for each experimental replicate with a total of 6ug of trypsin. The three trypsin
digestions were carried out in two stages; 3ug of trypsin was added to each followed by a 20
min water bath sonication and incubation at 37°C for 1.5 h followed by a further 3 ng
addition and incubation at 37°C for a further 1.5 h. All three digested samples were
evaporated to dryness in a vacuum centrifuge and resuspended in 250 pL. of 8 M urea

supplemented with a trace of bromophenol blue.

2.2.2 Peptide IPG-IEF

Digested proteins (300 pg) from each of the three digestion strategies were used to
passively rehydrate a linear pH 3-10 (in which the actual pH range of the IPG strip is 3.85 to
9.36, information available at www.gehealthcare.com) 18 cm IPG strips (GE Healthcare) for
6 h at room temperature. Isoelectric focusing was conducted on an IPGphorll (GE
Healthcare) with a current limit of 50 pA per strip at 20°C with the following focusing
program; 300 V for 1 h, a gradient to 1000 V for 1 h, a gradient to 4000 V for 3 h, a gradient
to 8000 V for 3 h and 8000 V until 100 kVh was reached. The strips were then cut (with
plastic backing still in place) with a scalpel blade into 24 equal length pieces. Peptides were
extracted from each fraction by incubation in 100pL of 0.1% (v/v) formic acid for 1 h at RT.
The extraction was repeated twice and subsequently combined with the initial fractions.
Combined peptide extracts from each fraction were concentrated in a vacuum centrifuge to
approximately 30 pL. Each fraction was desalted using C18 tips (PerfectPure C18 Tips)
(Eppendorf, Germany) and the eluate dried using a vacuum centrifuge followed by

resuspension in 0.1% (v/v) formic acid in preparation for nanoLC-MS/MS.
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2.2.3 Liquid Chromatography Mass Spectrometry

Each of the 24 fractions from the three trypsin digestion methods were analysed by
nanoLC-MS/MS using a LCQ-Deca ion-trap mass spectrometer (ThermoFinnigan, CA,

USA) according to Breci et al'*®

. Reversed phase columns were packed in-house to
approximately 7 ¢m (100 pum id.) using 100 A, 5 mM Zorbax C18 resin (Agilent
Technologies, CA, USA) in a fused silica capillary with an integrated electrospray tip. A 1.8
kV electrospray voltage was applied via a liquid junction up-stream of the C18 column.
Samples were injected onto the C18 column using a Surveyor autosampler. Each sample was
loaded onto the C18 column followed by initial wash step with buffer A (5% (v/v) ACN,
0.1% (v/v) formic acid) for 10 min at IuL min™. Peptides were subsequently eluted from the
C18 column with 0% - 50% Buffer B (95% (v/v) ACN, 0.1% (v/v) formic acid) for 58 min
at 500 nL min™' followed by 50-95% Buffer B for 5 min at 500 nL min™. The column eluate
was directed into a nanospray ionisation source of the mass spectrometer. Spectra were
scanned over the range 400—1500 amu. Automated peak recognition, dynamic exclusion, and

tandem MS of the top three most intense precursor ions at 40% normalisation collision

energy were performed using the Xcalibur software (ThermoFinnigan, CA, USA).

2.2.4 Protein and Peptide Identification

Raw files were converted to mzXML format and processed through the global proteome

130
. For each

machine (GPM) software, freely available from www.thegpm.org'®
experiment, the 24 fractions were processed sequentially with output files for each
individual fraction and a merged, non-redundant output file was generated for protein

identifications with Log(e) values less than -1. These parameters for protein identification

represent, and are referred to in this Chapter as, the minimal filtering criteria. Parent ions
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were determined using a 0.4 Da fragment ion tolerance. Carbamidomethyl was considered as
a complete modification and partial modifications were also considered, which included
oxidation of methionine and threonine; and deamidation of asparagine and glutamine.
MS/MS spectra were searched against the Rattus Norvegicus database (Database derived
from SwissProt, Ensemble and NCBI) and reverse database searching was used for
estimating false discovery rates'”".

Protein identifications were validated using two filtering methods. The first filtering
method uses 1% protFDR, as assessed by reverse database searching®’, which was applied to
non-redundant protein lists (Method A). ProtFDR is calculated by the following formula;
reverse/(reverse + forward)*100. The second filtering method uses peptide pl filtering as the
initial filtering criteria followed by imposing a 1% false discovery rate at the protein level
(Method B). Peptide pl was calculated through an open source pl calculator, Compute pl
from ExPASy (http://au.expasy.org/tools/pi_tool.html), which calculates peptide pl from
amino acid values described by Bjellqvist et al.,”. Peptide pl filtering was conducted on the
data obtained from each of the fractions by removal of statistical outliers were defined as
peptides with pl values that fall outside the pl boundaries, determined using +0.5 of the
standard deviation (calculated over the entire fraction) from the median pl value of the
fraction.

Protein hydrophobicity was calculated through GRAVY analysis using the ProtParam
algorithm (http://au.expasy.org/tools/protparam.html). Transmembrane segment annotation
of the identified proteins was determined using either SwissProt annotation
(www.ebi.ac.uk/swissprot) or the TransMembrane Hidden Markov Model (TMHMM,

http://www.cbs.dtu.dk/services/TMHMM—2.O/)61’ 13213 Cellular location of identified

proteins was derived from SwissProt annotation. Statistical analysis was conducted with
Microsoft Excel using a Student’s t-test with two samples assuming unequal variance with

P<0.05 for assignment of statistical confidence.
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2.3 Results

Evaluation of Peptide IPG-IEF Shotgun Proteomics for Membrane Protein

Identifications

Rat liver membrane proteins were purified using a modified sodium carbonate extraction

method*> ¥’

and digested with one of three different trypsin digestion solutions containing
varying concentrations of methanol (0%, 40% and 60%) in 10 mM ammonium bicarbonate

(pH 7.8). Tryptic peptides were separated by IPG-IEF with an 18cm linear pH 3-10 gradient,

extracted and analysed by nanoLC-MS/MS.

2.3.1 Resolution of Identified Peptides within IEF Experiments

To illustrate the separation of peptides by IPG-IEF from a rat liver membrane preparation,
the number of peptides per fraction was calculated as an average of three replicate
experiments for each digestion condition (Figure 2.01). The peptide distribution throughout
the 24 fractions before peptide pl filtering demonstrated three separation peaks with the
majority of peptides separating into fractions 2-6, 9-16 and 20-24 (Figure 2.01A), which is
indicative of a well separated sample. The variability in the number of peptides per fraction
was higher in the basic end of the IPG strip compared to the acidic to neutral fractions. In
comparing the concentrations of methanol, there was little observable difference in the
number of peptides in each fraction, except fraction 20, which demonstrated large
variability. After filtering the dataset using the pl of the peptides and removing statistical

outliers, the same three separation peaks were observed for all three digestion conditions
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Figure 2.01B). In addition, peptide pl filtering demonstrated that between 21-23% of
(Fig peptide p g

identified peptides were statistical outliers over the 24 fractions. The basic region (Fractions

17-24) of the IPG strip contained the most statistical outliers with between 41-43% of all

peptides within this region.
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Figure 2.01: IPG-IEF separation of peptides throughout the 24 fractions obtained from the 18cm, pl 3-

10 IPG strip before (A) and after (B) pl filtering. The average number of peptides per fraction over the

24 fractions of the IPG strips for each of the methanol concentrations used.
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Figure 2.02: IPG-IEF separation of peptides throughout the 24 fractions obtained from the 18cm, pl 3-
10 IPG strip before (A) and after (B) pl filtering. Average peptide pl per fraction for each concentration
of methanol before and after pl filtering and the actual pl values of the IPG strip.

To demonstrate the IPG-IEF separation of peptides based on pl, the average peptide pl per
fraction was calculated for the triplicates of each methanol assisted digest (Figure 2.02A).
The average theoretical peptide pl before peptide pl filtering shows correlation between

average pl in individual fractions and the actual pH of these fractions. The correlation
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between theoretical and observed pl for individual fraction does not correlate in fractions 7-
9, the basic region and the ends of the IPG strip. In general, the standard deviation in
observed peptide pl per fraction was between 0.18-0.28 pl units. After pl filtering of
individual fractions (Figure 2.02B), average theoretical peptide pl per fraction and the actual
pH of the IPG strip correlated well within the acidic to neutral pH regions suggesting that
separation of peptides by IPG-IEF is accurate and reproducible. However, the correlation
between observed peptide pl and the pH of the IPG strip was not optimal within the basic
region. Interestingly, the standard deviation for peptide pl for fractions 21 and 22 (9-10 pl)
in the basic end of the IPG strip was approximately 0.2 pl units, suggesting good
reproducibility but differences in observed and theoretical pl do exist. The resolving
capabilities of IPG-IEF of tryptic peptides was also assessed by categorizing the total
number of non-redundant peptides by the number of times each peptide occurred within all
the fractions (Table 2.1). On average, 84.7-86.8% of all peptides were only detected from a
single fraction and another 10.9-11.2% of all peptides were found in two fractions. There
were minimal differences in this distribution that could be attributed to the concentrations of
methanol used to assist protein digestion. After peptide pl filtering, the percentages of
peptides found in one or two fractions slightly increased suggesting the removal of some
peptides found in greater that two fractions as statistical outliers. These observations suggest
that peptides were separated into discrete regions based on pl and this is evidence to suggest
that peptide pl filtering as an additional filtering constraint is applicable to assigning high

confidence protein identifications.
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Table 2.1: The resolving power of IPG-IEF on the separation of peptides by accessing the number of

times a peptide is identified within the 24 fractions.

Before Peptide pl Filtering

Number of Fractions

Methanol Concentrations

1

2

3

4

>5

0% Methanol

84.71 £ 0.002%

10.88 £ 0.00%

2.46 £ 0.001%

1.06 £ 0.001%

1.30 £ 0.000%

40% Methanol

84.97 £ 0.02%

10.90 £ 0.01%

3.18 £ 0.004%

1.41 £ 0.003%

1.70 £ 0.005%

60% Methanol

83.18 £ 0.02%

11.30 £ 0.01%

2.71 £ 0.003%

1.37 £ 0.004%

1.28 £0.01%

After Peptide pl Filtering

Number of Fractions

Methanol Concentrations

1

2

3

4

>5

0% Methanol

86.76 + 0.005%

11.21 £ 0.002%

1.56 + 0.003%

0.49 + 0.001%

0.06 = 0.00%

40% Methanol

87.32 £ 0.006%

11.18 £ 0.01%

1.91 + 0.006%

0.84 + 0.003%

0.34 + 0.003%

60% Methanol

84.95 £ 0.019%

11.27 £ 0.008%

2.21£0.007%

1.02 £ 0.004%

0.55 +0.003%

2.3.2 Analysis of Peptide Outliers Based on pl

Peptide pl filtering is based on the assumption that false positive peptide assignments
generate random pl values with some of these peptides having peptide pl values that lie
outside the statistically set pl boundaries. To further test this hypothesis, average log(e)
scores were calculated for peptides that were considered to be correct or an outlier (Figure
2.03). The search algorithm XTandem assigns Log(e) scores to peptides based on the overall
best match of experimental spectra for a peptide against theoretical spectra for that peptide
and therefore, the Log(e) score is an assessment of the quality of that mass spectra. False
positive assignments would result from a random match of experimental spectra to the
theoretical spectra and therefore, the population of outliers (if truely false positive) should
have an average log(e) score that is higher than the true peptide assignments. Analysis of

correct and outlier peptides shows that correct peptides have lower average Log(e) score of -
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3.26 = 0.04 compared to outlier peptides with -2.67 = 0.07. In contrast, the higher average
log(e) score for peptides considered as outliers is not as high as the log(e) average for the
reverse peptides, suggesting that the set of outliers may still contain some false negative
assignments. These results suggest that the set of outlier peptides has higher log(e) scores
and therefore, suggests that the majority of outlier peptides are generated from random

spectral matching in a similar way as false positive assignments.

Correct Qutlier Reverse

Average Peptide LogE Score

Figure 2.03: Analysis of the average log(e) scores for peptides that were considered correct and outlier
peptide assignments based on the statistical analysis of peptide pl. In addition, average peptide log(e)
scores were also calculated as a reference point for average log(e) scores of peptides known to be false

positives (reverse) (* n=3, p<0.05).

After demonstrating that the basic end of the IPG strip has little correlation between the
observed and theoretical peptide pl, it was of interest to investigate why this has been
observed. The percentage of unique peptides per fraction for the acidic to neutral pH regions
(fractions 1-16) was 87 £+ 1.56% compared with the basic pH regions (fraction 17-24) with
61 = 7.81% (Figure 2.04A, n=3, p<0.05). These results suggest that the focusing of peptides
within the basic end of the IPG strip is problematic with much lower resolution compared to

the acidic to neutral pH regions.

To further investigate the results observed in the basic regions of the IPG strip, the

percentage of peptides with C-terminal arginine and lysine was calculated for all the
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identified peptides and peptides that were statistically defined as outliers (Figure 2.04B). The
results determined that of all the peptides, the percentage containing C-terminal arginine and
lysine were similar with 53.6 £ 11.82% and 46.38 + 11.82%, respectively. However, when
only peptide outliers were taken into consideration, the percentages changed significantly
from 70.03 + 8.38% with C-terminal arginine compared to 29.97 + 8.38% for C-terminal
lysine (n=3, p<0.05). These results suggest that peptides with arginine as the C-terminal
amino acid are more common as outliers in each fraction, suggesting that theoretical pl

contribution from arginine is not consistent with experimental observations.
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Figure 2.04: Analysis of the differences in correlation between the observed and theoretical peptide pl
observed in the basic end of the IPG strips. (A) Analysis of the percent unique peptides in the acidic to
neutral pH ranges (fractions 1-16, 61 + 7.81%) and the basic pH ranges (fractions 17-24, 87 + 1.56%).
(B) Analysis of the percentage of peptides that have c-terminal arginine and lysine from the total set of
peptides (arginine = 53.6 + 11.82%, lysine = 46.38 + 11.82%) and the set of outlier peptides (arginine =
70.03 + 8.38%, lysine = 29.97 + 8.38%) (*n=3, p<0.05).
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2.3.3 Evaluation of Peptide IPG-1EF for Protein Identifications

The total number of protein identifications from the membrane preparations was assessed
using two filtering methods as discussed in the material and methods (Figure 2.05). Filtering
method A (1% protFDR) resulted in 506 proteins (0% [v/v] methanol), 405 proteins, (40%
[v/v] methanol) and 652 proteins (60% [v/v] methanol) on average from three experimental
replicates. Filtering method A has been shown to be prone to false negative identifications”"
97.99.100. 127 134 ¢ 16 recover these proteins, filtering method B was used. Filtering method B
used peptide pl as an initial filtering criterion before imposing a 1% protFDR at the protein
level. This analysis resulted in 623 proteins (0% [v/v] methanol), 688 proteins (40% [v/v]
methanol) and 804 proteins (60% [v/v] methanol), representing a 19-41% increase in protein
identifications compared to filtering method A. This data provides evidence that peptide pl

filtering is a useful method for improving the protFDR of protein identifications and to

decrease false negative identifications.

900__ I 0% Methanol *
800 4 Il 40% Methanol

. [_160% Methanol
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Number of Proteins
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Figure 2.05: A comparison of data filtering methods A and B and a comparison of methanol
concentrations for assisting protein digestion with trypsin. * Student’s t-test comparison between 60%
methanol assisted digest and 0% methanol assisted digest using filtering method B.
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Comparison between the concentrations of methanol used to assist membrane protein
digestion showed that 60% (v/v) methanol allowed increased recovery in total number of
proteins compared 0% (v/v) and 40% (v/v) methanol for both filtering methods. From high
confidence protein identifications using filtering method B, a 17.6% (P<0.05) and 14%
increase in protein identifications was observed for 60% (v/v) methanol compared to 0%
(v/v) and 40% (v/v) methanol, respectively (Supp. Table 1). These results demonstrate that
60% (v/v) methanol is the optimal concentration for digestion of proteins with trypsin for
increasing the proteome coverage and in combination with peptide IPG-IEF is a valuable
method for membrane protein shotgun proteomics. A total of 1549 unique protein
identifications, including 690 (626 transmembrane proteins) IMPs were identified from the

three concentrations of methanol (Supp. Table 2).

To demonstrate the distribution of proteins identified between each concentration of
methanol, a Venn diagram analysis was conducted (Figure 2.06). In total, 41.96% of proteins
were identified from all concentrations of methanol. In each of the cases where proteins
were identified from one set of experiments or a combination of two, 60% methanol always
gave the highest percentage of identified proteins. For example, when proteins were
identified from a single experimental set, 60% methanol had a higher percentage of
identified proteins. (17.75% compared to 12.4% and 7.75%) Furthermore, for proteins
identified in two experimental sets, the number of protein identifications increased with
increased percentage of methanol (0%/40% = 3.49%, 0%/60% = 6.71%, 40%/60% =
9.94%). These results provide evidence that the percentage of methanol influences the total
protein identifications with 60% methanol providing the highest percentage protein

identifications.
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Figure 2.06: Venn diagram analysis of non-redundant protein identifications from each concentration
of methanol from the total of 1549 protein identifications. In total, 41.9% of all protein identifications
were observed in each experimental set and for other protein identifications the percentages increased

with increased concentrations of methanol.

2.3.4 Integral Membrane Protein Identifications

Of the non-redundant proteins identified from the three digests, between 44-49% were
classed as IMPs. Transmembrane proteins were the major type of IMPs identified with 419,
421 and 513 for 0%, 40% (v/v) and 60% (v/v) methanol, respectively (Figure 2.07). This
analysis of transembrane proteins provides compelling evidence for the compatibility of
peptide IPG-IEF shotgun proteomics for the analysis of transmembrane proteins.
Approximately 50% of the identified transmembrane proteins possessed a single
transmembrane domain; however peptides were also recovered from proteins with up to 19
transmembrane domains. The number of transmembrane domain containing proteins
between each concentration of methanol used to assist trypsin digestion was compared. 60%

(v/v) methanol demonstrated an increase in each of the categories ranging from a single
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transmembrane domain up to 12 transmembrane domains. The largest difference was
observed in the number of proteins identified with a single transmembrane domain in which

60% (v/v) methanol provided 16% more proteins.
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Figure 2.07: Number of transmembrane proteins identified from the three digestion strategies

categorised by their number of transmembrane segments.

Integral membrane proteins were not only made up of transmembrane proteins but other
types of IMPs from the SWISS-PROT database were also annotated. Four porin proteins
were identified, which included voltage dependent anion channel (VDAC) proteins. A subset
of proteins were annotated as IMPs (24 — 0% methanol, 25 — 40% [v/v] methanol and 28 —
60% [v/v] methanol) but were not annotated transmembrane or porin proteins, which
included many subunits of the electron transport chain. Finally, 20 (0% and 40% [v/V)]
methanol) and 27 (60% [v/v] methanol) IMPs were annotated as possessing lipid anchor

modifications such as palmitate, myristate, prenyl and glycophosphoinositol.

In addition to annotating membrane proteins through protein secondary structures, protein
identifications provided in the literature has also been presented through hydrophobicity
analysis'*’. To illustrate the diverse array of proteins identified through peptide IPG-IEF

shotgun proteomics, identified proteins were ranked based on GRAVY scores (Figure
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2.08A). Approximately 22% of all proteins identified displayed a GRAVY score greater than
zero. Furthermore, approximately 5% (82) of the non-redundant proteins identified from all

21, 119
, above

three digests had a GRAVY score greater than 0.3, a barrier noted by others
which most proteins are refractory to analysis by 2D-GE. Increasing the organic solvent
content of digestion did not considerably improve the ability to recover hydrophobic
proteins, despite being of value to increase overall numbers of recovered proteins.

Nonetheless, analysis of IMPs (Figure 2.08B), illustrated the importance of using 60%

methanol, which led to a slight increase in identified hydrophobic IMPs.
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Figure 2.08: Distribution of proteins based on GRAVY scores for the total number of non-redundant

proteins (A) and integral membrane proteins (B) identified from the three digestion strategies.
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2.3.5 Cellular Location of Proteins Identified from Each Digest

To place the identified proteins in context of their cellcular locations, each proteins cellular
location was extracted from the Swiss-Prot database. Swiss-Prot cellular locations are a
manually curated database derived from experimental observations and therefore, is an
accurate method for protein annotation; however, the number of proteins with annotations is
much less than when prediction software is used. Comparison of the percentage of non-
redundant proteins based on cellular locations demonstrated no significant difference
between methanol assisted digests (Appendix 1, Table 1.1). As a representation of the
percent coverage of proteins based on cellular location, proteins identified through 60%
(v/v) methanol assisted digestion are presented in Figure 2.09. In each dataset, 31% of the
protein identifications had no clear cellular location which is consistent with previous large
scale proteomic studies'*®. Cytoplasmic proteins made up 18% of the dataset with proteins
such as tubulin, actin and ribosomal proteins identified. Proteins localised to the
mitochondria constituted 14% of the dataset with many proteins derived from the electron
transport chain. Plasma membrane proteins were also well represented by 10% of the
identified proteins in particular, solute carriers, receptors such as the EGF receptor and
transferrin receptors and transporters. The endoplasmic reticulum made up 9% of the
identified proteins with 41 identified cytochrome p450 enzymes. Finally, the nucleus,
secreted/extracellular, microsome, peroxisome, Golgi and miscellaneous locations each

represented less than 5% of the entire proteome.

78



10.31%

13.06%

8.79%

4.51%

I Unknown

I Cytoplasm

[ Mitochondria

I Plasma Membrane
[ 1 Endoplasmic Reticulum
B Nucleus

18.56% 3.67% || Secreted/Extracellular
2.67% B Microsome
2.52% I \icellaneous
1 I Peroxisome
I Golgi

32.31%

Figure 2.09: Cellular locations of proteins identified from 60% methanol digestion as a representation

of the proteins identified from all concentrations of methanol.

2.3.6 ldentified Membrane Protein Families

Analysis of the identified proteins from the experimental datasets found a large number of
proteins that were from the same protein families. Importantly, the identification of
cytochrome p450, ABC transporters and Slc families was of interest because later
investigations involving tumor-induced inflammation were anticipated to involve many of
these proteins. In this study, 41 different cytochrome p450 proteins were identified from rat
livers (Figure 2.10) with the number of unique peptide identifications of the experimental
datasets ranging from as low as 1 to as high as 35. The Cyp2 family was the most dominant
with 24 different isoforms, which included proteins from 2a, 2b, 2¢, 2d, 2e, 2q, 2s, 2t sub-
families. In addition, 1a and 3a families were also well represented with 2 and 3 proteins
identified in each, respectively. Furthermore, the fatty acid metabolizing cytochrome p450s
were represented by 4a proteins including, 4al0, 4al4 and 4f proteins with 4fl, 4f4, 416.

Other cytochrome p450s included; 7al, 8bl, 17al, 27al, 39al, and 51al, which all have
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diverse functions within the cell. In all, this study provides one of the largest numbers of
cytochrome p450s identified in mammalian liver tissue providing evidence for the use of this

shotgun proteomics strategy for the analysis of liver membrane proteins.
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Figure 2.10: In total, 41 different cytochrome p450 enzymes were identified from the three sets of
experiments using different concentrations of methanol for assisting protein digestion. Above is all the
identified cytochrome p450’s with their average number of unique peptides over all experimental

datasets.

In addition to Cyp enzymes, other protein families involved in xenobiotic metabolism that
are of interest in later studies on tumor-induced inflammation are the UDP-glucuronyl
transferases (Ugts) (Figure 2.11a) and Gsts (Figure 2.11b). These proteins are of interest
because they are involved in phase II metabolism of xenobiotics, which has been implicated
in altered liver metabolism in advanced cancer patients. In total, seven Ugts were identified
from all experimental replicates with varying number of unique peptides. Gsts were
represented by 15 different isoforms with microsomal glutathione S-transferase 1 (Mgstl)

having the highest number of unique peptides with an average of 18. The ability to detect a
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large number of xenobiotic metabolizing enzymes in rat livers provides evidence for the use
of this shotgun proteomics methodology for further analysis in later Chapters of these

enzymes in relation to tumor-induced inflammation.

Shotgun proteomic analysis of rat liver membrane proteins using peptide IPG-IEF also
provided the identification of a high number of Slc family proteins (Figure 2.12). These
proteins are also implicated in the altered liver metabolism as a result of tumor-induced
inflammation. In total, 44 different proteins were identified from this family of proteins with
15 members of the Slc25 family demonstrating the most number of unique peptides in the
experimental datasets. Most importantly, many organic cation and organic anion transporters
involved in the transportation of xenobiotics in and out of the liver, were identified
including; 5 from the Slc21 family and 4 from the Slc22 family. These results demonstrate
the utility of IPG-IEF as a valuable first dimension shotgun proteomics methodology and
provide the means to assess the role of these proteins in tumor-induced inflammation in later

Chapters.
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Figure 2.11: Average number of unique peptides per protein over all the experimental datasets for (A)
UDP-glucurnoyltransferase’s (Ugt) and (B) glutathione S-transferase’s (Gst).
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Figure 2.12: In total, 44 different solute carrier family proteins were identified from the three sets of
experiments using different concentrations of methanol for assisting protein digestion. Above is all the
identified solute carrier family proteins with their average number of unique peptides over all

experimental datasets.

Finally, another important protein family associated with tumor-induced inflammation is
proteins from the ABC transporter family (Figure 2.13). In this study, ABC transporters
generally had lower numbers of unique peptides compared to other proteins such as the
Cyps. In total, 11 ABC transporters were identified in this study, including families A, B, C,
D and G. In addition to xenobiotic metabolizing enzymes and transporters, peptide IPG-IEF
also provided the identification of 12 transmembrane protein family members (Appendix 1,

Figure 1.1) and 64 proteins from the electron transport chain (Appendix 1, Figure 1.2).
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Figure 2.13: In total, 12 different ATP-binding cassette family proteins were identified from the three

sets of experiments using different concentrations of methanol for assisting protein digestion. Above is
all the identified ATP-binding cassette family proteins with their average number of unique peptides

over all experimental datasets.
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2.4 Discussion

The aim of this study was to evaluate peptide IPG-IEF as a valuable high coverage
shotgun proteomics technique particularly for the analysis of membrane proteins. In
addition, this study evaluated the use of a particular organic solvent to assist in trypsin
digestion when applied to analyses by peptide IPG-IEF. The increase in the number of
membrane proteins identified from complex protein mixtures has been shown to be
enhanced with the use of organic solvents such as acetonitrile, acetone, isopropanol and
methanol during trypsin digestion®. Where methanol at as high a concentration as 60% has
been used®, it has been theorised that this concentration facilitates increased peptide
sequence coverage and ion intensities”. Recently, peptide IPG-IEF has been demonstrated
as an alternative shotgun proteomics technique, which is advantageous because peptides are
separated based on pl, and the pl of the peptide can then be used as additional filtering

criteria for protein identifications®™’.

2.4.1 Peptide Separation

The results in this Chapter show that peptides were separated into three distinct pH
regions, where the peptides were concentrated particularly in the acidic to neutral regions of
the IPG strip. This phenomenon has been attributed to the digestion of proteins with trypsin,
which produces more acidic peptides®. Furthermore, the observation in this study of a
poorer recovery of peptides, and a greater reduction in peptides after pl filtering in the basic
end of the pH gradient has been observed previously” ®. The average peptide pl per

fraction in this study correlated well with the pH gradient throughout the acidic to neutral pH
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regions and also contained a similar pl value standard deviation to recent reports in the
literature”>™’. However, the differences between observed and predicted pl in the basic end
of the IPG strip can be explained by inaccurate pKa values for the amino acid arginine,
where the reactive group pKa value is less than pKa value of 12 prescribed in the Expasy pl
algorithm. The slightly inaccurate pKa value of the reactive group of arginine is further
substantiated by a higher percentage of peptides (70% for C-terminal arginine compared to
30% for C-terminal lysine) that are considered outliers, which have a C-terminal arginine.

In addition, differences between observed and theoretical pl can be attributed to low
buffering capacity of basic peptides because only 61% of peptides are unique to a particular
fraction in fractions considered basic compared to acidic to neutral fractions with 87%. This
can be explained by the lack of ionisable groups in tryptic basic peptides, which tend to have
only three ionisable groups contributing to the peptide isoelectric point. These basic peptides
contain an N-terminal pKa value of ~7, a C-terminal carboxylic group with pKa of ~3.5 and
the reactive group of lysine (pKa ~ 10) or arginine (pKa ~12). These basic peptides focus
within the pl regions of 8-9 on broad range IPG strips; however, these peptides have no
ionisable groups with pKa values that fall within this region resulting in poor buffering
capacity. Tryptic peptides with a pl of less than 5 must have a least two additional acidic
ionizable groups, either aspartic acid or glutamic acid. This guarantees that the peptide has
high buffering capacity, although an exception is for C-terminal peptides, which do not
contain a C-terminal lysine and arginine and therefore only require one additional acidic
ionisable group to buffer below a pl of 5.

The resolution in peptide separation as determined by assessing the number of fractions
each peptide is detected from, is similar to Krijgsveld et al.,”” in which >94% of all peptides
were found in one or at most two fractions. This resolution in peptide separation is slightly
higher than studies that use off-gel electrophoresis for the isoelectric focusing of peptides'’.

In all, the separation of peptides in this study demonstrates the ability of IPG-IEF to provide
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a well separated sample of tryptic peptides derived from membrane proteins and it also
supports the use of peptide pl as an additional filtering constraint for high confidence protein
identifications.

Peptide IPG-IEF has been suggested as an alternative first dimension shotgun proteomics
technique. However, compared to MudPIT® * '** it is less applicable to high throughput
analysis as several additional manual steps are required. Furthermore, pl filtering of peptides
is hindered by either chemical modifications or post-translational modifications. Peptides
with disparate pl’s that would otherwise be removed as outliers may in fact be present as
modified peptides, through modifications such as acetylation, deamidation or through
carbamidomethylation of cysteine. Each of these modifications creates an acidic product that
would otherwise not be taken into consideration using the Compute pl/MW algorithm
utilised through ExPASy (www.expasy.org). For example, basic to neutral peptides
identified from acidic fractions with an acetylated lysine that are outliers based on
theoretical pl, may be correct identifications since the basic reactive group of the lysine is
exchanged for an uncharged acetyl group. Further improvements to calculating peptide pl in
relation to peptide modifications would help to recover some of these peptides otherwise lost

due to modifications.

2.4.2 Protein ldentifications

Peptide pl filtering has been shown to increase the confidence in protein identifications
through the use of accurate peptide pl as additional filtering constraint’® " '%°. In this study,
our results demonstrated that peptide pl filtering prior to imposing a 1% protFDR (Method
B) increases protein identifications by at least 19% compared to only using a 1% protFDR
(Method A). Peptides from proteins with log(e) scores that lay outside threshold scores of

the 1% protFDR imposed by method A, still contain false negative identifications. By using

87



peptide pl filtering, false negative identifications are recovered because their pl values
should lie within the pH boundaries of the individual fractions, in contrast to false positives
which should have random pl values. This recovery of false negative identifications can be
illustrated by assessing the log(e) threshold scores of a 1% protFDR with or without the
prior use of peptide pl filtering on the dataset. For example, for one of the datasets from 0%
methanol assisted digest, the log(e) cut off score is -8 for protein identifications when a 1%
protFDR is applied to the dataset. However, when peptide pl filtering is used first, this log(e)
score increases to -2, allowing more protein assignments with high confidence.

When comparing methanol concentrations for assisting protein digestion with trypsin,
60% methanol was shown to be the optimal concentration because of a higher average
number of protein identifications found between experimental replicates (800 proteins) and a
combined total number of non-redundant protein identifications (1233 proteins). The
increase in protein identifications can be attributed to increased peptide sequence coverage
and fragment ion intensities that have been observed for methanol assisted digestion of
proteins with trypsin3 46 Both peptide sequence coverage and fragment ion intensities are
two parameters that are used by protein scoring algorithms such as X!Tandem, therefore
increases in these parameters results in higher peptide scores and furthermore, protein
scores'?” 1. Methanol assisted digestion results in proteins that would otherwise not meet
the threshold level of 1% protFDR for protein identifications becoming elevated above
threshold limits due an increase in peptide scores. In total, 1549 non-redundant proteins,
including 690 IMPs, were identified from this analysis providing evidence of the utility of
this shotgun proteomics methodology.

Venn diagram analysis of the 1549 non-redundant protein identifications demonstrated
that 41.96% of all proteins were identified from all three experimental datasets. Most
interestingly, analysis of proteins identified from only a single experimental dataset or from

two experimental datasets demonstrated that the percentage of protein identifications
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increased with increased concentration of methanol. These results provide further evidence
for the ability of high concentrations of methanol in assisting the recovery of more protein

identifications.

2.4.3 Integral Membrane Proteins

Analysis of the membrane proteins identified in this study demonstrates a diverse range of
proteins with various types of secondary structures and post-translational modifications that
embed these proteins into the membrane. This study shows that 60% methanol assisted
digestion provided the most number of IMPs with 574 and in total, 690 non-redundant IMPs
were identified from all three concentrations of methanol. In a previous study on rat natural
killer cells, 876 IMPs were identified from 60% methanol assisted digestion followed by
offline SCX fractionation of peptides into 96 fractions’*. However, the 60% methanol
assisted digestion method used in this study resulted in slightly higher identifications than

results from Wu et al.,*®

which used alternative protein cleavage methods like proteinase K
and cyanogen bromide treatment with MudPIT analysis for the identification of 454 rat brain
membrane proteins. Ruth et al., have compared the digestion of proteins with trypsin in the
presence of an acid labile salt and diluted urea, which identified 288 membrane associated
and 80 transmembrane proteins from human leukemia cells®®. The analysed membrane
proteins consisted of both IMPs and membrane associated proteins, hence a greater
percentage of membrane proteinsés. Contrary to our results, these authors suggested that a
minority of membrane proteins contained transmembrane segments. In our hands, the
majority of IMP identifications were transmembrane proteins, which is also supported by
previous studies®* >,

Wang et al., have demonstrated the identification of greater than 1,300 IMPs from mouse

brain through high sample loading and use of linear ion trap mass spectrometry’~. Increasing
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the sample load and using more sensitive mass spectrometry such as linear ion trap LC-
MS/MS are avenues that could enhance the number of membrane proteins identified from
this study (Chapter 3). Nonetheless, the use of methanol assisted digestion in conjunction
with peptide IPG-IEF shotgun proteomics has been presented here as an alternative method
for the analysis of membrane proteins.

In this study, increasing methanol concentration increased the number of proteins in total
and identified more IMPs. In addition, increasing methanol concentration increased the
number of transmembrane proteins with between one and twelve transmembrane segments.
Increasing the methanol concentration did not recover peptides from more hydrophobic
proteins, contrary to a previous publication34. GRAVY analysis of integral membrane
proteins demonstrated that IMPs can contain a diverse range of hydrophobicity scores from
largely hydrophilic to quite hydrophobic proteins. From non-redundant protein lists, 82
proteins were considered highly hydrophobic with GRAVY scores greater than 0.3. The
number of identified highly hydrophobic proteins is higher than studies from the bacteria
Deinococcus Radiodurans and mouse brain homogenate, which used gas phase fractionation

and MudPIT analysis for peptide separation and analysis34’ 38

2.4.4 Cellular Location Analysis

Cellular location annotation of proteins demonstrated no significant differences between
the proteins identified using the concentrations of methanol described in this study.
Approximately 30% of the proteins were annotated with unclear cellular location.
Interestingly, 41 cytochrome p450s were identified from the endoplasmic reticulum
providing the largest number of identified cytochrome p450s to date from a rat liver
membrane preparation, which demonstrates the utility of methanol assisted digestion and

peptide IPG-IEF shotgun proteomics for identification of this subset of proteins. In addition,
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we observed that golgi and nuclear annotation percentages were quite low, suggesting that
sub-cellular fractionation methods, which have proven successful for enrichment and

139-142

analysis of proteins from organelles could improve the coverage of the rat liver

membrane proteome.

2.4.5 Identified Membrane Protein Families

Particular protein families have already been implicated in adverse metabolic functions of
the liver in mice bearing tumors® >. Some of the most important protein families associated
with altered liver metabolism have been alluded to earlier (Chapter 1) such as the Cyps,
Ugts, Gsts, ABC transporters and Slc families. Therefore, it was important to evaluate the
number of identified proteins in each family and some of the important proteins involved in
tumor-induced inflammation using the rat liver membrane as a representative model.

In this study, xenobiotic metabolizing enzymes which are important proteins involved in
potential toxic effects of anticancer agents in patients were represented by 41 Cyps, 7 Ugts
and 16 Gstss. These data represent one of the largest accumulated lists of drug metabolizing
enzymes in mammalian liver proteomics and therefore, the shotgun proteomics methodology
used in this study is ideal for analysis of mouse liver in association with tumor-induced
inflammation. The use of this shotgun proteomics methodology is further substantiated by
the identification of 11 ABC transporters and 44 Slc family proteins, which have been
implicated in tumor-induced inflammation response in the liver”.

In addition to assessing the number of proteins within each protein family, it was also
important to demonstrate the identification of proteins already shown to have changes in
gene expression or protein abundance in the liver in association with tumor-induced
inflammation. Mouse Cyp3all has been previously shown to be down regulated in the liver

. . - 4,5 4,5
due to the presence of various tumors, including; melanoma™ °, colorectal tumors™~ and EHS
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sarcoma’, while in this study, the rat homologue 3al was identified. Furthermore, other
important proteins identified in this study included; Slcl0al (Na+/Taurocholate
cotransporting polypeptide); Slc21a2, 7, 9, 10, 13 (Organic anion transporters); Slc22al, 7,
18 (Organic cation and anion transporters). However, ABC transporters that have been
shown to be down-regulated in the liver in tumor-bearing mice were not identified in this
study, including; ABC B1, ABC B2, ABC C2 and ABC C3°. Being unable to identify these
important xenobiotic transporters could be improved through modifying the shotgun
proteomics methodology through increased sample loading and using faster scanning, higher

resolution MS.

2.4.6 Conclusion

In summary, this Chapter has demonstrated the utility of peptide IPG-IEF as a shotgun
proteomics technique for membrane protein analysis. In addition, the use of 60% methanol
assisted digestion with peptide IPG-IEF provided more protein identifications in total and
enhanced the number of membrane protein identifications. Peptide IPG-IEF was highly
advantageous because of the ability to use pl as an additional filtering criteria for accurate
peptide identifications. IPG-IEF was found to be a high-capacity and high resolution
analytical tool which also provided the fractionation required for the first dimension of a
shotgun proteomics analysis. Furthermore, the pl information provided by the IPG-IEF
allowed a two step sequential result filtering approach to be used, which gives an improved
protFDR while minimizing false negative assignments. These results provide the basis for
further experimentation for the analysis of alternative pH gradients that have the potential to
improve membrane proteomics, and for investigating the affects of tumor-induced

inflammation on liver membrane protein abundance.
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Chapter 3: A Combination of Immobilised pH

Gradients Improve Membrane Proteomics
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3.1 Introduction

Comprehensive membrane proteomics has become achievable because of the use of
various shotgun proteomic methodologies to separate and analyse proteolytic peptides
derived from membrane protein enriched samples. Recently, methods for peptide and protein
fractionation have been used for the large scale identification of membrane proteins,
including: off-line SCX3436: 3758 72 online SCX** 7 cIEF’* 7°; IPG-IEF'”; and 1D SDS-
PAGE™. These methods have provided the identification of hundreds to over a thousand
annotated IMPs, explaining why shotgun proteomics has now become the method of choice
for analyzing membrane proteins. With the knowledge that approximately 70% of all protein
based drug targets are active against IMPs', these methods will be used more frequently to
determine the role that IMPs play in various biological environments.

Like most large scale proteomics experiments, membrane proteomics has improved with
the use of methods that employ high sample loading, increased peptide and protein
fractionation and extended LC separation prior to the application of tandem MS. Wang et
al., have achieved approximately 1,400 IMP identifications using a combination of high
sample loading and 100 min LC gradient prior to tandem MS analysis’”. Similar extended
LC gradients have provided comprehensive analysis of IMPs for studies in human epithelial

™ and yeast”. Alternatively, Blonder et al., have identified 876 IMPs

ovarian carcinoma
simply by increasing the number of SCX fractions (96 fractions) prior to the use of a 120
min C18 LC separation before tandem MS analysis of rat natural killer cells™.

In Chapter 2, we demonstrated the use of peptide IPG-IEF as an alternative method for
shotgun proteomics of membrane proteins with the identification of 690 IMPs from rat liver
membranes'*’. IPG-IEF has been shown to be advantageous as a high resolution shotgun
proteomics method primarily because of high sample loading capacity and the ability to use

the theoretical pl of peptides as an additional means to reduce false discovery rates”™ 7 143,
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IMP digestion has been shown to be improved with the use of 60% methanol'*, similar to

3433 In addition, unlike 2D gel based protein separation®', peptide

earlier studies on IMPs
IPG-IEF was shown to be amenable to analysis of hydrophobic IMPs since peptides do not
have the same solubility constraints that hydrophobic IMPs otherwise have. The amenability
of hydrophobic IMPs to IEF based shotgun proteomics methods has also been demonstrated
with cIEF™* ",

Alternatively, studies using NR IPG strips (pl 3.5-4.5) on whole cell lysates from rat testis
samples have demonstrated the separation of over 7,000 peptides across this small acidic
region of the pl spectrum’. These studies using NR IPG strips demonstrated that small
acidic pl increments were rich in peptides96 that may otherwise go undetected with BR IPG
strips (pl 3-10). In addition, with high loading capacity of IPG strips, NR IPG-IEF should
improve IMP analysis when applied to the separation of peptides derived from membrane
protein enriched samples. The use of NR IPG-IEF as the first dimension fractionation
technique for shotgun proteomics of membrane proteins has yet to be evaluated and may
provide an alternative to running extended LC gradients prior to tandem MS.

One approach for label-free quantification that has been developed for shotgun proteomics
for comparing biological samples employs calculation of NSAF values'”. These quantitative
methods were used originally for determining differences in yeast cells grown in two
different media and demonstrated the utility of this method for distinguishing differently
abundant proteinslz. Label-free quantification has now been applied to many other biological

. 16, 84, 87, 144, 145
questions

suggestive of its valuable role in comparative proteomics studies.
This type of label-free quantification in essence is not restricted to use in evaluating
biological questions but may also be applicable to comparing technical studies such as
comparing different shotgun proteomics fractionation methods.

The aim of this study was to quantify the differences between BR IPG-IEF (pl 3-10) and

NR IPG-IEF (pl 3.4-4.9) shotgun proteomics using label-free quantification for the analysis
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of rat liver membrane proteins. This Chapter demonstrated the first comparison of BR and
NR IPG strips for the first dimension separation of peptides in two dimensional shotgun
proteomics. The results demonstrate that NR acidic IPG strips provide a two fold increase in
peptide identifications for the identical pl region from BR IPG strips. Furthermore, NR IPG
strips provide a significant increase in total protein identifications and IMPs. Label-free
quantification was valuable in showing a significant enrichment of acidic peptides in NR
IPG strips through both raw spectral abundance counts and NSAF values. NR IPG-IEF
enriched for a subset of proteins that would otherwise go undetected from BR IPG-IEF.
These results demonstrate that NR IPG-IEF is a valuable first dimension separation method
for shotgun proteomics of membrane enriched samples and provides the first use of label-

free quantification for assessing technical comparisons.
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3.2 Materials and Methods

3.2.1 Membrane protein isolation and preparation for peptide Immobilised pH

Gradient Isoelectric Focusing (IPG-1EF)

Rat livers obtained from 8 week old Dark Agouti rats (Save Sight Institute, Sydney Eye
Hospital, Australia) were perfused with 0.9% (w/v) phosphate buffered saline. Rat liver
tissue (1.5 g) was then homogenised in 10 mM HEPES buffer (pH 7.8) supplemented with 2
mM NaCl, 10 mM NaOH, 500 mM EDTA and protease inhibitors (3 mg antipain-
dihydrochloride, 0.5 mg aprotinin, 0.5 mg bestatin, 1 mg chymostatin, 3 mg E-64, 10 mg
EDTA-Na2, 0.5 mg leupeptin, 20 mg pefabloc SC, 0.5 mg pepstatin, 3 mg phosphoramidon)
(Roche Diagnostics, Switzerland) using an Omni TH homogeniser (Omni International Inc.,
VA, USA). The homogenised tissue was then centrifuged at 13,000 g for 15 min at room
temperature (RT).

Membrane proteins were isolated using a modified sodium carbonate stripping method**
37, Briefly, the supernatant was collected and diluted to a final volume of 40 mL in 0.1 M
sodium carbonate (pH 11) then incubated for 1 h rotating at 4°C. The carbonate-treated
membranes were sedimented by ultracentrifugation at 120,000 g for 1 h at 4°C. The
supernatant was removed and the membrane pellet was washed once with 0.1 M sodium
carbonate (pH 11) and resuspended in 10 mM ammonium bicarbonate (NH4sHCOs, pH 7.8).
Sample was then transferred to a 20 mL glass scintillation vial and pulse sonicated using a
Branson 450 Sonifier (Branson, Danbury, USA) using 2 second bursts for 15 intervals on
ice. The sonicated sample was then reduced with 10 mM dithiothreitol for 1 h at 37°C and
subsequently alkylated with 55 mM iodoacetamide at RT for 30 min. Protein quantification
was conducted by Bradford Assay (Sigma-Aldrich, MO, USA). Trypsin digestion was

carried out in the presence of 60% (v/v) methanol in 10mM ammonium bicarbonate (pH 7.8)
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for approximately 8 h at 37°C. 60% methanol was used because this concentration of
methanol was shown to be optimal for protein identifications in the previous Chapter. All
digested samples were evaporated to dryness in a vacuum centrifuge and resuspended in 250

puL of 8 M urea supplemented with a trace of bromophenol blue.

3.2.2 Peptide IPG-IEF

Digested proteins (1 mg) in 8M urea were used to passively rehydrate either a linear pH 3-
10 (in which the actual pH range of the IPG strip is 3.85 to 9.36, information available at
www.gehealthcare.com) 18 cm IPG strips (broad range) or pH 3.4-4.9 (with an actual pH
range of 3.35-5) 22cm IPG strips (narrow range) for 6 h at room temperature in triplicate.
Isoelectric focusing was conducted on an IPGphorll (GE Healthcare) with a current limit of
50 pA per strip for the BR IPG strip and 200pA limit for NR IPG strip at 20°C with the
following focusing program; 300 V for 1 h, a gradient to 1000 V for 1 h, a gradient to 4000
V for 3 h, a gradient to 8000 V for 3 h and 8000 V until 100 kVh was reached. The IPG
strips were treated differently for their respective pA limits so that both IPG strips would
have 8000 volts as their maximum volt step. The strips were then cut (with plastic backing
still in place) with a scalpel blade into 24 equal length pieces. Peptides were extracted from
each fraction by incubation in 100uL of 0.1% (v/v) formic acid for 1 h at RT. The extraction
was repeated twice and subsequently combined with the initial fractions. Combined peptide
extracts were desalted using C18 tips (Omix, Varian Inc., CA, USA) and the eluate dried

using a vacuum centrifuge followed by resuspension in 0.1% (v/v) formic acid.
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3.2.3 Nanoflow liquid Chromatography — Tandem Mass Spectrometry

Each of the 24 fractions from the triplicate BR and NR IPG-IEF experiments were
analysed by nanoLC-MS/MS using a LTQ-XL ion-trap mass spectrometer (Thermo, CA,

USA) according to Breci et al'*®

. Reversed phase columns were packed in-house to
approximately 7 ¢m (100 pum id.) using 100 A, 5 mM Zorbax C18 resin (Agilent
Technologies, CA, USA) in a fused silica capillary with an integrated electrospray tip. A 1.8
kV electrospray voltage was applied via a liquid junction up-stream of the C18 column.
Samples were injected onto the C18 column using a Surveyor autosampler (Thermo, CA,
USA). Each sample was loaded onto the C18 column followed by initial wash step with
buffer A (5% (v/v) ACN, 0.1% (v/v) formic acid) for 10 min at 1uL min™. Peptides were
subsequently eluted from the C18 column with 0% - 50% Buffer B (95% (v/v) ACN, 0.1%
(v/v) formic acid) over 58 min at 500 nL min™ followed by 50-95% Buffer B over 5 min at
500 nL min™. The column eluate was directed into a nanospray ionisation source of the mass
spectrometer. Spectra were scanned over the range 400-1500 amu. Automated peak
recognition, dynamic exclusion, and tandem MS of the top six most intense precursor ions at

35% normalised collision energy were performed using the Xcalibur software (Thermo, CA,

USA).

3.2.4 Protein and Peptide Identification

Raw files were converted to mzXML format and processed through the global proteome
machine (GPM) software using version 2.1.1 of the X!Tandem algorithm, freely available

from www.thegpm.org'** '*°

. For each experiment, the 24 fractions were processed
sequentially with output files for each individual fraction and a merged, non-redundant

output file was generated for protein identifications with Log(e) values less than -1. Peptide
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identification was determined using a 0.4 Da parent and fragment ion tolerance.
Carbamidomethyl was considered as a complete modification and partial modifications were
also considered, which included oxidation of methionine and threonine; and deamidation of
asparagine and glutamine. MS/MS spectra were searched against the Rattus Norvegicus
database (Database derived from SwissProt, Ensemble and NCBI) and reverse database
searching was used for estimating false discovery rates' .

Protein identifications were validated using peptide pl filtering as described in the
previous Chapter (Chapter 2). Briefly, pl was calculated through an open source pl
calculator, Compute pl from ExPASy (http://au.expasy.org/tools/pi_tool.html), which
calculates peptide pl from amino acid values described by Bijellqvist et al’®. Peptide pl
filtering was conducted on the data obtained from each of the fractions by removal of
statistical outliers that were defined as peptides with pl values that fall outside the pl
boundaries, determined using +£0.5 of the standard deviation (calculated over the entire
fraction) from the median pl value of the fraction. For analysis of total protein
identifications, proteins were further validated using a 1% false discovery rate by searching
the MS spectra against a reverse database and applying the following formula; FDR =
reverse/(reverse + forward)*100.

Transmembrane segment annotation of the identified proteins was determined using the
TransMembrane Hidden Markov Model (TMHMM,

http://www.cbs.dtu.dk/services/ TMHMM-2.0/)®"- 13% 146,

3.2.5 Calculation of Normalised Spectral Abundance Factors
Normalised spectral abundance factors were calculated according to Zybailov et al.,*?
using the following formula: NSAF = (Spc/L)/> (Spc/L), where Spc refers to spectral count

(number of non-redundant peptide identifications for a given protein), L is the length of the
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protein. Protein identifications were only included in NSAF data analysis if a given protein
was identified in each of the triplicate experiments from either BR or NR IPG strips. The
reduced protein list was then adjusted with a fraction of a spectral count to allow the
incorporation of proteins with zero spectral counts for statistical analysisn. An optimal
adjustment factor was determined through fitting the natural log of the NSAF values to a
Gaussian curve, assessed by computing both R? values and applying a Shapiro-Wilk test. To

satisfy the Shapiro-Wilk test, a W value greater than 0.05 was required.

3.2.6 Statistical Analysis

Statistical analysis was conducted with Microsoft Excel using the Student’s t-test with
equal sample sizes and P<0.05 for assignment of statistical confidence. Origin8 software
package was used for assessing Gaussian distribution of data for label-free quantitation by

computing both R? values and a Shapiro-Wilk test.
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3.3 Results

3.3.1 Peptide Separation and Analysis

To provide an understanding of why NR IPG strips are valuable for protein and peptide
identifications, we first sought to determine what would be the theoretical distribution of rat
proteolytic peptides corresponding to annotated spectrum libraries

(ftp://ftp.thegpm.org/proteotypic  peptide profiles/eukaryotes/) for 63,964 peptides

according to Craig et al'*’. Of all the proteolytic peptides, 46% (29,623) lie within the pl
range of 3-5 (Figure 3.01), which suggests that NR IPG-IEF analysis could be a valuable
tool for protein identifications and expanding the dynamic range of the identified rat liver
membrane proteome.
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Figure 3.01: Theoretical peptide pl distribution from a Rattus Norvegicus annotated spectrum library
of 63,964 peptides.

To demonstrate the reproducible separation of tryptic peptides by IEF using BR and NR
IPG strips, the number of peptides per fraction for each strip was compiled. Analysis of the
number of peptides per fraction demonstrates that NR IPG strips provide a well separated
sample with an even distribution of peptides with 642 + 33 peptides on average per fractions

after pl filtering (Figure 3.02a). BR IPG-IEF also demonstrated a well separated sample with
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three distinct pl regions in which peptides were concentrated. The average reduction in the
number of peptides per fraction after pl filtering for NR IPG strips was 21%, suggesting a
minority of peptides are false positive identifications. This is similar to results from BR pH
gradients where a 28% reduction was observed. The high reproducibility of peptide IPG-IEF
for both types of IPG strips was indicated by low standard deviation in the number of
peptides per fraction between experimental replicates.

To demonstrate that the separation of peptides on the BR and NR IPG strips is due to
isoelectric point, the average peptide pl per fraction was calculated (Figure 3.02b). The
average peptide pl per fraction after pl filtering starts at approximately 4 and reaches as high
as 5.89 £ 0.005 pl for the NR IPG strips and as high as 8.65 + 0.01 for the BR IPG strips. In
comparison to the actual pH of the IPG strip, the average pl per fraction for the NR IPG
strips is slightly higher than the actual pH of the IPG strip between fractions 1 -16. However,
the opposite is seen for fractions 19-23 with lower pl values than the pH of the IPG strip.
Furthermore, fraction 24 shows a large increase in the average pl per fraction where this is
attributed to the IPG strip retaining peptides with higher pl values greater than a pl of 5
(Appendix 2, Figure 2.1). The BR IPG strip has more variability in average pl per fraction in
comparison to the actual pH of the IPG strip. In addition, the average pl per fraction was
reproducible as shown by the low standard deviation in individual fractions between
experimental replicates. These results clearly demonstrate that peptides derived from trypsin
digestion of rat liver membrane proteins were reproducibly separated by isoelectric point and

therefore, comparisons can be made at the total peptide and protein levels.
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Figure 3.02: IPG-IEF separation of peptides using BR (pl 3-10) and NR (pl 3.4-4.9) IPG strips. (A)
Number of peptides per fraction after pl filtering. (B) Average peptide pl per fraction for BR and NR
IPG strips after pl filtering and their respective pH gradients.

Chapter 2 (Chapter 2.2.2) demonstrated that the percentage of unique peptides between
acidic to neutral fractions compared to basic pH regions of the IPG strip were significantly
different; therefore, it was of interest to access the percentage of peptides that were unique to
a fraction between broad and narrow range IPG strips (Figure 3.03). In this study, the

percentage of unique peptides per fractions was slightly higher in narrow range IPG strips
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(72.7 £ 1.3%) compared to broad range IPG strips (68.8 + 0.03%, n=3, p<0.05). These
results provide evidence that narrow range IPG strips provide higher resolution in the
separation of peptides.
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Figure 3.03: Comparison of the percentage of unique peptides per fraction in broad range and narrow
range IPG strips (n=3, p<0.05).

In comparing the differences between broad range (pl 3-10) and narrow range (pl
3.4-4.9) IPG-IEF, peptides were binned into 0.5 pl increments across the pl intervals of 3-10
(Figure 3.04). The NR IPG strip demonstrated an expected higher number of peptide
identifications than the BR IPG strip within the pl ranges of 3.5-4, 4-4.5 and 4.5-5 (n=3,
p<0.05). The NR IPG strips within pl increment of 3.5-4 provided 1134 £ 125 peptides
compared to 316 + 12 from the BR IPG strips. The pl increment between 4-4.5 demonstrated
the highest difference in peptide numbers with 6292 + 576 from NR IPG strips and 2197 +
215 from BR IPG strips. Furthermore, the pl increment of 4.5-5 contained 2968 + 279
peptides for the NR IPG strips and 1790 £ 123 peptides from the BR IPG strips. The number
of peptides within the pl range of 3-5 was two fold greater for the number of peptides from
the NR IPG strips over the BR IPG strips. This fold change represents the identification of
almost 5,500 more peptide identifications on average from the NR IPG strips compared to
the same acidic region from BR IPG strips. These results demonstrate compelling evidence
that narrow range IPG strips can enrich for more peptides in a discrete acidic pl region when

compared to the same region in BR IPG strips.
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Figure 3.04: Peptides were binned into 0.5 pl increments and presented in a pl histogram representing
a pH gradient from 3-10. Broad range IPG strips (black) provided peptide identifications throughout the
pH spectrum. NR IPG strips (blue) provided more peptide identifications over the acidic pl regions of 3-
5 (*n=3, p<0.05).

3.3.2 Comparison of BR and NR IPG Strips for Total Peptide and Protein

Identifications

After demonstrating that NR IPG strips provide more peptide assignments compared to the
same pl region from BR IPG strips, it was of interest to compare total peptide, protein and
IMP assignments between the two sets of IPG strips (Figure 3.05). Comparisons between
BR and NR IPG strips for total peptide identifications demonstrates no significant increase
in peptide assignments with 10,752 + 1002 and 11,173 + 1583.9, respectively. At the protein
level, NR IPG strips provided an increase in protein identifications with 2603.7 £ 355
compared to BR IPG strips with 2021 + 138.6, however, these differences are not
statistically significant. Similarly, the analysis of IMPs demonstrated that NR IPG strips
provided more IMPs with 826.3 = 65.1 compared to BR with 712 + 36.2, which is also not a

statistically significant difference. These results demonstrate the added value of using NR
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IPG strips within the pl region of 3.4-4.9 for providing an increase in total protein and IMP

assignments.
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Figure 3.05: Number of peptide, protein and IMP identifications from BR and NR IPG strip
triplicates. Peptide, protein and IMP identifications were not significantly different between NR and BR
IPG strips.

To determine the differences in the non-redundant protein identifications between
BR and NR IPG strips, non-redundant proteins for each set of IPG strips were compiled and
compared (Figure 3.06). Of the total 4195 protein identifications found in all three replicates,
2131 proteins (51%) were common to both sets of IPG strips. However, 1428 (34%) of the
protein identifications were unique to NR IPG strips, which was more than twice the
percentage unique to BR IPG strips (15%, 636). Furthermore, comparing the similarities and
differences for IMP identifications demonstrated that 57.8% of IMPs were common to NR
and BR IPG strips. NR IPG strips provided an increase in the percentage of total IMPs with

26.6% compared to BR IPG strips with 15.6%.
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Figure 3.06: Venn diagram representing the number of non-redundant protein and IMP
identifications compiled from the triplicate IPG experiments from BR and NR IPG strips.

After demonstrating that the percentage of unique IMPs was higher for NR IPG
strips, an analysis of the types of IMPs based on transmembrane segments from BR and NR
IPG strips was conducted (Figure 3.07). Single transmembrane proteins represented the most
common IMP identifications with a slight increase in protein identifications for NR IPG
strips but this increase was found not to be statistically significant. In contrast, IMPs with
two transmembrane segments showed a significant increase (n=3, P<0.05) in protein
identifications from NR IPG strips (106 = 7) compared to BR IPG strips (91 £ 2.7). IMPs
with greater than two transmembrane segments did not show an increase in protein
identifications, however, both types of IPG strips were amenable to the analysis of multi-
transmembrane segment containing IMPs. In total, 1301 non-redundant IMPs were identified
from the BR and NR IPG strips suggesting that together BR and NR IPG-IEF are highly

valuable techniques for the identification and characterisation of IMPs.
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Figure 3.07: Number of IMP identifications from triplicate BR and NR IPG strips based on the
proteins number of transmembrane segments. Slight increases in protein numbers were observed for

transmembrane proteins with single and double transmembrane segment containing proteins.

To demonstrate that transmembrane segments of IMPs are detectable using this shotgun
proteomics strategy, the peptides used to identify IMPs were investigated to determine
whether any overlap with the transmembrane segments. Analysis of P11 protein, which
contains four transmembrane segments, demonstrates that peptides detected from this
protein overlapped with all four transmembrane segments (Figure 3.08). In addition, the
sequence coverage and fragment ion intensities were of high quality for all the peptides that
overlapped with each of the transmembrane segments (Appendix 2, Figure 2.2).
Furthermore, other proteins also provided peptides that overlapped with transmembrane
segments such as microsomal glutathione S-transferase 1, translocase of the inner
mitochondria 17b and solute carrier family 22 member 7 (Appendix 2, Figures 2.3-2.5).
These results demonstrate that the detection and fragmentation of peptides that overlap
transmembrane segments is achievable and therefore, suggests no bias against membrane

proteins based on the accessibility of transmembrane segments for digestion.
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Figure 3.08: (A) Amino acid sequence of P11 proteins and peptide sequences (red) overlapping with
the four TM segments (underlined) of the protein. (B) The mass spectra above represents the following
peptide sequence; GSVPSLAAGLFFGGLAGLGAYQLSQDPR.

3.3.3 Analysis of the Relative Abundance of Peptides Between BR and NR Range IPG

Strips Using NSAF

To demonstrate that NR IPG strips provided both a unique set and an increase in peptide
identifications for a subset of proteins, label-free quantification was used to distinguish
differences with statistical confidence. From each of the pl filtered datasets, proteins that
were identified from each of the replicate experiments in either NR or BR IPG strips were
only used for further analysis. In addition, to maintain high quality spectra required for label-
free quatitation'?, proteins with single spectral counts were removed. To allow the
incorporation of proteins with a zero spectral count in one dataset, 0.5 of a spectral count
was added to each data point according to Zybailov et al.,'>. Normalised spectral abundance
factors were calculated for each protein and a Student’s t-test was calculated for comparison

between the two IPG strips. To confirm that the dataset was indeed Gaussian and therefore
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valid for analysis by a Student’s t-test both R” values and a Shapiro-Wilk test was
performed. Analysis of the BR and NR IPG strips demonstrated a Gaussian fit with R>
values >0.98 and Shapiro-Wilk test of 0.061 and 0.05, respectively (Appendix 2, Figure 2.6).

To investigate the ability to detect a large dynamic range of proteins from the rat liver
membrane proteome, the identified proteins were ranked based on their In(NSAF) values
calculated from the sum of the NSAF values for broad and narrow range IPG strips (Figure
3.09). The dynamic range of the rat liver membrane proteome was calculated to be nine
natural log orders of magnitude (or four logl0 orders of magnitude). The most abundant
protein was microsomal glutathione S-transferase 1 with a -2.54 In(NSAF) value and the
least abundant was angiotensin-converting enzyme with -10.7 In(NSAF). In addition, IMPs
were also detected and quantified throughout the dynamic range of the rat liver membrane
proteome, suggesting no bias against the analysis of IMPs. These results demonstrate the
utility of peptide IPG-IEF in broad and narrow range format for the ability to detect and
quantify proteins using label-free quantification for the analysis of proteins over a large

dynamic range.
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Figure 3.09: Quantitative analysis of proteins identified from broad range and narrow range IPG
strips. Quantitative values are calculated using the sum of the NSAF values for each set of IPG strips
and presented as a natural log distribution from most abundant to least abundant. Cytosolic proteins are

represented by black squares and integral membrane proteins are represented by light blue circles.
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The results from this analysis demonstrated that 1659 proteins with a <1% FDR could be
found in all three datasets in either the BR or NR IPG strips. Of these protein identifications,
966 proteins were common to both IPG datasets with an additional 287 contributed from BR
IPG strips and 406 contributed in addition from NR IPG strips (Table 1). Of the 1659 total
proteins, 319 were found to have higher NSAF values (p<0.05) compared to BR IPG strips
of which 142 were annotated as IMPs (See supplementary table 4). However, 364 proteins
had an increase in NSAF values (p<0.05) in BR IPG strips with 109 of these proteins being
annotated as IMPs. In addition, analysis of the distribution of proteins based on the number
of spectral counts suggests that NR IPG strips are favorable for providing more protein
identifications with between 1-10 and >100 spectral counts (n=3, p<0.05) (Figure 3.10).
These data demonstrate that NR IPG strips are valuable for increasing the spectral counts for
a subset of proteins compared to BR range IPG strips and improve upon the characterisation

of some IMPs identified from the BR IPG strips.

Table 1: Comparison of BR and NR IPG strips using label-free quantitation on 1659 proteins that
were identified in all three experiments from either IPG strip. The presented percentages are in relation

to the total protein identifications.

Broad Range Narrow Range

Total Protein

0 0
Identifications 1235 (74%) 1365 (82%)

Unique Proteins 287 (17%) 406 (24%)

Total Proteins with

0 0
Increased NSAF 364 (21%) 319 (19%)

IMP’s with Increased

o 0,
NSAF 109 (6.6%) 142 (8.6%)
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Figure 3.10: Comparison of proteins grouped by spectral counts, which demonstrated significant

increases in proteins with spectral counts of 1-10 and >100 (* n=3, p<0.05).

After demonstrating that NR IPG-IEF could improve the characterisation of a subset
of proteins including IMPs, it was of interest to investigate if large multi-transmembrane
segment containing proteins had increased NSAF values (Figure 3.11). In total, 6 IMPs
containing greater than 10 transmembrane segments had significant increases (n=3, p<0.05)
in NSAF values in the NR IPG strips compared to the BR IPG strips. For example,
multidrug resistance-associated protein 6 (ABC C6) had a 2.79 fold change in NSAF for NR
compared to BR IPG strips (p<0.05). Furthermore, multidrug resistance protein 2 (ABC C2)
had a 1.79 fold change in NSAF values for NR compared to BR IPG strips (p<0.05). These 6
proteins are largely hydrophobic IMPs that would not be amenable for analysis by 2D gels?',
hence demonstrating that the use peptide IPG-IEF, in particular NR IPG-IEF, is a valuable

technique for analysis of IMPs.
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Figure 3.11: A subset of highly hydrophobic, multi-transmembrane segment (>10) containing IMP’s
with increased NSAF values using NR IPG strips compared to broad range IPG strips (n=3, p<0.05).
Slc9al = solute carrier family 9 member 1, ABCC2 = ATP-binding cassette family C member 2, ABC
a8b = ATP-binding cassette family a member 8b, ABC bla = ATP-binding cassette family b member 1a,
SIc27(7) = solute carrier family 27 member 7, ABC c6 = ATP-binding cassette family C member 6, Slc
29(1) = solute carrier family 29 member 1, Clcn7 = chloride channel 7, ABCC3 = ATP-binding cassette
family C member 3 (n=3, p<0.05).

3.3.4 Identified Membrane Protein Families

Although the purpose of this Chapter is to demonstrate the identification of proteins from
BR and NR IPG strips, it was of interest to determine whether the higher sample loading and
the use of a higher resolution, faster scanning MS could improve upon the characterisation
of the protein families referred in Chapter 2.3.6 (Cyps, Gsts, Ugts, ABC transporters and Slc
family). The analysis of the identified protein families is presented from the quantitative
dataset because of the criteria used to generate this dataset requires high confidence protein
identifications (i.e. identification from all three experimental datasets from either BR or NR
IPG strips); the analysis is also a measure of reproducibility of identifying individual
proteins. As a representative model, this analysis will determine whether the protein families
of interest are reproducibly identified and therefore, potentially quantifiable in later Chapters
on liver proteins and tumor-induced inflammation (Chapters 4 and 5).

In this study, 41 cytochrome p450s were quantified (Figure 3.12) with 36 of these

enzymes the same as those identified in Chapter 2. The abundance of Cyps in the rat liver
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membrane proteome ranged from high abundance observed for Cyp2b2 with 47.85 x 10” +
1.94 x 10 and 54.09 x 10° £4.19 x 107 to as low as 0.1 x 10 +0.06 x 10 and 0.47 x 10
+0.03 x 107 for Cyp 8bl in BR and NR IPG strips, respectively. Analysis of Ugts and Gsts
demonstrated that the number of Ugt enzymes increased from 7 in Chapter 2 to 9; however,
the number of Gsts fell from 16 in Chapter 2 to 11 (Appendix, Figure 2.9). The largest
changes in protein numbers was observed for the ABC transporters (Figure 3.13) and Slc
family (Figure 3.14) proteins, which increased from 11 and 44 in Chapter 2 to having 25 and
53 in this Chapter, respectively. These results provide evidence for the reproducible
identification of protein families known to play important role in the livers response to

tumor-induced inflammation.
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Figure 3.12: Quantitative analysis determined the reproducible identification of 41 different
Cytochrome p450s from the rat liver membrane proteome using BR and NR IPG-IEF shotgun

proteomics.
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Figure 3.13: Quantitative analysis determined the reproducible identification of 15 different ABC
transporters from the rat liver membrane proteome using BR and NR IPG-I1EF shotgun proteomics.
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3.3.5 Gene Ontology Annotation Analysis

The 4,195 proteins from experiments in this Chapter were analysed by gene ontology
annotation based on the three types of gene ontology classification; molecular process,

molecular function and cellular component. Molecular process annotations (Figure 3.15)
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demonstrated that the most common processes were macromolecule metabolic process and
macromolecule localisation with both represented by 21.1% of annotations. Furthermore,
cellular metabolic processes and cellular component organisation and biogenesis were
presented by 6.88% and 6.38%, respectively. Transport proteins were represented by a low
percentage of 3.11% and likewise, cellular adhesion with 1.41%. Analysis of molecular
function (Figure 3.16) demonstrated that the most represented proteins had nucleic acid
binding functions. In addition, oxidoreductase activity, substrate-specific transporter activity
and structural constituent of ribosomes were also well represented with 9.29%, 8.58% and
8.4%, respectively. Transmembrane transporter activity of proteins was also common with
6.44% of all proteins. Analysis of the cellular component (Figure 3.17) annotations
demonstrated that intracellular and intracellular part were the most abundant annotations
with 18.84% and 15.57%, respectively. Of the cellular components, membrane components
were also well represented with membrane, membrane part, membrane-bounded organelle

and organelle membrane with 14.16%, 7.8%, 5.96% and 2.46%, respectively.

4.66%4'1 %3.8°/g 69% Il macromolecule metabolic process
4.66% ' 3 °1 1% I macromolecule localization
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Figure 3.15: Gene ontology annotations for molecular processes based on level 3 protein annotations

for the 4195 non-redundant protein identifications from each experimental dataset.
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Figure 3.16: Gene ontology annotation for molecular functions based on level 3 protein annotations
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for the 4195 non-redundant protein identifications from each experimental replicate.
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Figure 3.17: Gene ontology annotation for cellular component based on level 3 protein annotations for
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3.4 Discussion

The aim of this study was to compare the use of BR and NR IPG strips for the first
dimension shotgun proteomics separation of membrane enriched samples from rat liver.
Recently, improving membrane protein analysis using shotgun proteomics has been
achieved mainly through high sample loading, increased first dimension fractionation or
through extended LC gradients prior to tandem MS analysis®* "> 7*. NR IPG strips have been
shown to provide an increase in peptide identifications over acidic pl regions’®. These
studies demonstrated that acidic pH regions of the pH spectrum are quite rich in peptides
derived from proteolytic digestion of rat testis proteins%. By applying proteotypic peptides
derived from membrane enriched samples to NR IPG strips, it was hypothesised that NR
IPG strips would improve the characterisation of some proteins in particular a subset of

IMPs.

3.4.1 Peptide Separation

Analysis of rat proteolytic peptides from annotated spectrum libraries demonstrated that a
large proportion of experimentally attained peptide sequences have pl values that fall with
the pl region of 3-5. This analysis confirmed that peptide IPG-IEF using NR IPG strips
within the acidic pl region of 3-5 would be a valuable alternative method to BR IPG strips.
In this study, both BR and NR IPG strips provided a well separated sample over 24 fractions.
BR IPG strips demonstrated a tripartite distribution of peptides based on the number of

95, 97, 143
> 70 The

peptides per fraction, which is in agreement with previously published data
number of peptides per fraction within the NR IPG strip demonstrated a more even

distribution across all 24 fractions, again similar to previously reported data®®. The

separation of peptides based on isoelectric point was confirmed by the average pl per
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fraction, which followed a linear gradient similar to the actual pH of the IPG strip. However,
some discrepancies between the average pl of some fractions and the actual pl in each strip
do exist. In particular, fraction 24 from the NR IPG strip had quite a high average pl and
further analysis of this fraction demonstrates that peptides with much higher pl values are
still being retained in this fraction. In comparing the number of peptides identified from the
NR IPG strip with the corresponding region on the BR IPG strip, approximately 5,500 more
peptides, representing a two fold increase in peptide identifications, were observed. This is
the first study to demonstrate an increase in peptide identifications as a direct comparison
between the BR and NR IPG strips.

In Chapter 2, analysis of the percentage of unique peptide identifications was significantly
different between acidic to neutral pH regions of a broad range IPG strip compared to the
basic end of the IPG strip (Chapter 2.2.2). To extend this analysis further, the percentage of
unique peptide identifications for broad and narrow range IPG strips demonstrated that
narrow range IPG strips had a statistical significant increase in percentage of unique
peptides. This is consistent with the acidic amino acids having better buffering capacity than
basic peptides based on the number of ionisable groups within the peptides and types of
ionisable groups. These results suggest that narrow range IPG strips provide higher

resolution peptide separation for the first dimension of two dimensional shotgun proteomics.

3.4.2 Comparison of Total Peptide, Protein and IMPs Between Broad and Narrow

Range IPG Strips

The total unique peptide identifications from BR and NR IPG strips demonstrated that
approximately 10,000-12,000 high confidence peptide identifications could be assigned for
each of the IPG strips after peptide pl filtering and 1% FDR. At the protein level, the number

of protein identifications increased by approximately 600 protein identifications on average
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for the NR IPG strip with ~2,600 as compared to the BR IPG strip with ~2,000. The number
of protein identifications on average from the NR IPG strip was similar to previous reports
from rat testis samples using a similar sample load®®. Importantly, NR IPG strips allowed
114 more IMP identifications than BR IPG strips. Based on each NR IPG strip experimental
replicates, an average of 826 IMPs were identified in this study, which is remarkably similar

to the data from Blonder et al*’

. What should be noted in this comparison is that we are
using less first dimension fractions and shorter LC gradients but using a much higher sample
load.

The total number of non-redundant protein identifications across all three BR and all three
NR IPG strips was 4,195 high confidence protein assignments of which 1,301 proteins were
annotated as IMPs. The total redundant IMP identifications is similar to previous reports of
1,400 IMPs from human epithelial ovarian carcinoma cells’” and 1,190 from mouse liver'".
Analysis of the similarities and differences between the non-redundant protein
identifications between BR and NR IPG strips demonstrated that 2,131 proteins were
common to both types of IPG strips. However, NR IPG strips identified 1,428 unique protein
assignments, while BR IPG strips provided 636 unique protein identifications. Similarly, NR
IPG strips provided more unique IMP identifications. These results together demonstrate that
NR IPG strips provide a more comprehensive inventory of protein identifications and in
particular IMP identifications compared to BR IPG strips.

The distribution of IMPs based on the number of transmembrane segments is similar to
past reports35’ 7276193 'The number of total protein and IMP identifications from NR IPG
strips demonstrates the utility of NR IEF for improved proteome coverage, in particular the
membrane proteome. The number of integral membrane proteins in this study and in
previous studies®™ "> 7 '3 demonstrates that single transmembrane proteins are the most
common IMPs. Furthermore, the use of shotgun proteomics has also allowed the

identification of highly hydrophobic, multi-transmembrane spanning IMPs. In addition,
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analysis of IMPs also demonstrated that peptides that overlapped with transmembrane
segments were detectable providing evidence that the accessibility of transmembrane
proteins for digestion does not influence the ability to detect and quantify IMPs. The ability
to detect peptides that overlap transmembrane segments using methanol assisted trypsin

digestion is consistent with previous reports™.

3.4.3 Label-Free Quantification Analysis

This Chapter establishes for the first time the use of label-free quantitation for use in
technique comparisons instead as well as biological studies. In this study, 1,659 proteins
were used for label-free quantitation (See Supp Table 4) as they contain at least two spectral
counts from all three replicates from either the BR or NR IPG strips. Analysis of the
dynamic range of the proteome demonstrated that the shotgun proteomics strategy was
capable of detecting and quantifying proteins over four log;y orders of magnitude. These
results are consistent with previous studies on the mouse liver and yeast proteomes, which
demonstrated the analysis of four log;y orders of magnitude“’ 2 In addition, the IMPs in this
study were identified throughout this dynamic range suggesting that analysis of membrane
enriched samples using peptide IPG-IEF shotgun proteomics provides the ability to analyse
low abundance IMPs, consistent with previous studies'.

NR IPG strips contained 408 proteins that had a significant increase in NSAF values of
which 130 were IMPs. It is also important to note that 314 proteins, in particular 123 IMPs,
decreased in NSAF values. However, these results provide evidence that NR IPG strips can
improve the analysis of a subset of IMPs over the use of BR IPG strips. NR IPG strips were
also shown to increase the recovery of proteins containing between 1-10 and >100 spectral
counts. The higher number of spectral counts for proteins between 1-10 spectral counts in

NR IPG strips is expected when the number of protein identifications also increases.
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However, the increase in the number of proteins with > 100 spectral counts is unexpected
since the total number of peptide identifications is similar.

Multi-transmembrane segment containing IMPs are a notoriously difficult class of proteins
to analyse since they are poorly soluble due to their largely hydrophobic nature. IMPs are
also difficult to analyse because the transmembrane domains have few tryptic cleavage sites.
In this Chapter, the results demonstrate that a subset of IMPs increased in NSAF values
when using NR IPG strips. In particular, multi-transmembrane segment containing IMPs
were better represented. As an example, proteins such as the ABC transporters known to
contain > 10 transmembrane segments increased in spectral counts due to the use of NR IPG
strips. These proteins, due to their largely hydrophobic nature, are refractory to analysis by
2D gels because of poor solubility *'. Here we present 6 IMPs, with greater than 10
transmembrane segments, for which NSAF values have significantly improved through the

use of NR IPG strips.

3.4.4 Identified Protein Families

Similar to Chapter 2, it was of interest to determine the number of different proteins in the
protein families of Cyps, Ugts, Gsts, ABC transporters and Slc proteins because of their
association with the livers response to tumor-induced inflammation. The use of label-free
quantitative shotgun proteomics inherently assesses the reproducibility of identifying
proteins from a complex mixture of proteins because each protein has to be identified from
all three datasets from at least one experimental set. Therefore, the rat liver membrane
proteome as a representative model provides the means to assess the reproducible
identification of proteins that are of interest in later studies on tumor-bearing mice (Chapter

4 and 5).
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In total, 41 cytochrome p450s were quantified from the rat liver membrane proteome with
a range of quantitative values that demonstrate a range of highly abundant Cyps (2b2, 27,
2¢7, 2bl) to low abundance (8bl, 7al, 3al8). Likewise, 11 Ugts and 7 Gsts were
reproducibly identified with the majority of these proteins having moderate to high
quantitative values. Most interesting was the identification of 25 ABC transporters and 53
Slc proteins, representing a marked increase from earlier experiments (Chapter 2) using less
sensitive, lower resolution and slowing scanning MS. The results therefore provide evidence
for the use of label-free shotgun proteomics using peptide IPG-IEF as the first dimension
separation in conjunction with higher resolution, faster scanning MS. These experiments
also provide the foundations for the use of this developed shotgun proteomics methodology
in the study of liver protein abundance in relation to tumor-induced inflammation in mouse

models.

3.4.5 Gene Ontology Annotations

Gene ontology annotation for the 4195 non-redundant protein identifications demonstrated
that particular molecular processes, functions and cellular components were dominant within
the rat liver membrane proteome. Macromolecule metabolic processes and macromolecule
localisation were the most common molecular process annotations. However, transport and
cell adhesion known to contain many IMPs were not as well represented. Nucleic acid
binding activity and oxidoreductase activities were the most common molecular function of
proteins. The high percentage of oxidoreductase protens is understandable with many
cytochrome p450 enzymes being identified from the rat liver membrane proteome. In
contrast to molecular process annotations, transporter activity annotations (substrate-specific
transporter activity and transmembrane transporter activity) were quite highly represented.

Finally, cell component annotations percentages were high for intracellular and intraceullar
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part. However, membrane, membrane part, membrane-bounded organelle and organelle
membrane annotations were well represented. These data provide detailed analysis of the
distribution of membrane proteins from the membrane-enriched rat liver sample and

provides information on the source of non-membrane protein contamination.

3.4.6 Conclusion

In summary, this study demonstrates the utility of NR IPG strips as the first dimension
separation of peptides for comparative two dimensional shotgun proteomics of a membrane
protein enriched sample. NR IPG strips were shown to be advantageous with results
suggesting that NR IPG strips could increase protein and IMP identifications. Furthermore,
NR IPG strips also provided a set of proteins and specifically IMPs that currently go
undetected in BR IPG strips. Label-free quantification was used to quantify the statistically
significant differences between BR and NR IPG strips based on the measured spectral
abundance of each protein. This Chapter demonstrated the utility of IPG-IEF separation of
peptides in a quantitative shotgun proteomics analysis of thousands of liver membrane
proteins. These observations provide evidence for the use of this methodology for the

analysis of liver membrane proteins in relation to tumor-induced inflammation.
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Chapter 4: Affects of Tumor-Induced
Inflammation on Membrane Protein Abundance in

the Mouse Liver
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4.1 Introduction

Liver metabolic function plays an important role in the response of cancer patients to
chemotherapy primarily because this organ plays a critical role in the metabolism and
clearance of common anti-cancer drugs. In addition, the response of the liver to the presence
of a tumour spatially unrelated to the liver in the body potentially can exert major metabolic
changes on the whole organism. The major functions of the liver include fatty acid
metabolism, xenobiotic metabolism and clearance and regulation of blood glucose levels, to
name but a few. In general, the metabolic function of the liver in an individual is a sign of
the overall health of that individual. Many factors can perturb metabolism within the liver
and commonly studied pathological conditions include, hepatitis C, hepatocarcinoma,

cholestasis and alcoholism.

Analysis of the liver metabolism in advanced cancer patients has previously demonstrated
a reduced ability to clear anti-cancer agents through cytochrome p450 mediated pathways'®.
In addition, it is well substantiated that patients with solid tumors have increased blood
levels of proinflammatory cytokines (e.g. tumor necrosis factor a, interleukin-1, interuekin-
6), which have been implicated in the progression to malignancy and the promotion of tumor
growth, invasion and metastasis'*® . Analysis in advanced cancer patients has also
demonstrated the increase in blood levels of acute phase response proteins such as C-

. . 105 . I .
reactive protein , suggesting systemic inflammation.

Studies in mice have also demonstrated an increase in the acute phase-reactant, serum
amyloid protein P, in mice bearing an EHS sarcoma®’. The use of a benign tumor in these
studies represents what would in affect be early stages of cancer. Analysis of tumor-induced

inflammation on the expression of genes and their resulting proteins in the liver is a critical
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research question that remains poorly examined to date and therefore, little is known about

the global affect on liver metabolism.

Recently, quantitative shotgun proteomics methods examining the abundance of liver
proteins has been used in a study of liver biopsies from hepatitis C infected patients %0 In
these studies, 1,641 liver proteins were quantified and 210 were observed to have
statistically significant changes in abundance using stable isotope labeling of proteins'*’.
Label-free quantification using accumulated protein spectral counts has been utilised as a

means to relatively quantify proteins'® ' 1!

. One advantage of label-free quantification over
labeling approaches is the ability to assign quantitative values to proteins that are not
detected in a particular sample due to biological variation'?. Label-free quantification in
shotgun proteomics has been used for the analysis of various biological questions and

therefore, is a purposeful tool for quantitative shotgun proteomics'> "> '*!.

Previous Chapters in this thesis have demonstrated the utility of [IPG-IEF of peptides in the

43

identification of rat liver membrane proteins' Initial studies demonstrated the

identification of 690 IMPs from replicate experiments, providing evidence for its utility in

143 . .
. However, in Chapter 3, membrane protein

shotgun proteomic analysis of IMPs
identifications through IPG-IEF separation of peptides provided the identification of 700-
800 IMPs in a single experiment using more accurate and faster scanning tandem mass
spectrometry. Analysis of IMPs is an important area of study as approximately 70% of these
proteins are targeted by pharmaceutical agents'. In addition, IMPs play a critical role in the

first steps of molecular interactions between a cell and its external environment, which for

internal organs is the blood stream.

The aim of this Chapter was to determine the effects of tumor-induced inflammation on
the abundance on IMPs using label-free quantitative shotgun proteomics. To determine the

effects of a tumor on liver membrane protein abundance, livers from mice containing an
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EHS sarcoma injected into the hind limb were compared with control mice. Here we
demonstrate the first shotgun proteomics study on the effects of tumor-induced inflammation
on liver membrane proteins. These results demonstrate that shotgun proteomics provided
quantitative data of proteins over a large dynamic range and that many important metabolic
proteins were detected to have statistically significant changes in abundance throughout this
dynamic range. In addition, many IMPs changed in abundance, including many large

hydrophobic multi-transmembrane segment containing proteins and cell surface receptors.
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4.2 Methods

4.2.1 Sample Preparation

Eight- to ten-week-old C57BL/6 male mice (Concord RG Hospital, Australia) were
aseptically inoculated with either 0.3 ml suspension of Englebreth-Holm-Swarm (EHS)
sarcoma into the right quadriceps muscle, suspended in 0.3 ml of PBS subcutaneously into
the right flank. Control animals were inoculated with the PBS vehicle alone. Tumor mass
reached ~3g or 10% of the total body weight of the mouse between 17 to 21 days. Mice were
then euthanised, livers perfused with PBS and harvested. PBS perfused mouse liver tissue
(1.5 g) was then homogenised in 10 mM HEPES buffer (pH 7.8) supplemented with 2 mM
NaCl, 10 mM NaOH, 500 mM EDTA and protease inhibitors (3 mg antipain-
dihydrochloride, 0.5 mg aprotinin, 0.5 mg bestatin, 1 mg chymostatin, 3 mg E-64, 10 mg
EDTA-Na2, 0.5 mg leupeptin, 20 mg pefabloc SC, 0.5 mg pepstatin, 3 mg phosphoramidon)
(Roche Diagnostics, Switzerland) using an Omni TH homogeniser (Omni International Inc.,
VA, USA). The homogenised tissue was then centrifuged at 13,000 g for 15 min at room
temperature (RT).

Membrane proteins were isolated using a modified sodium carbonate stripping method as
previously described in this thesis®* *”. Briefly, the supernatant was collected and diluted to a
final volume of 40 mL in 0.1 M sodium carbonate (pH 11) then incubated for 1 h rotating at
4°C. The carbonate-treated membranes were sedimented by ultracentrifugation at 120,000 x
g for 1 h at 4°C. The supernatant was removed and the membrane pellet was washed once
with 0.1 M sodium carbonate (pH 11) and resuspended in 10 mM ammonium bicarbonate
(NH4HCOs, pH 7.8). Sample was then transferred to a 20 mL glass scintillation vial and
pulse sonicated using a Branson 450 Sonifier (Branson, Danbury, USA) using 2 second
bursts for 15 intervals on ice. The sonicated sample was then reduced with 10 mM

dithiothreitol for 1 h at 37°C and subsequently alkylated with 55 mM iodoacetamide at RT
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for 30 min. Protein quantification was conducted by Bradford Assay (Sigma-Aldrich, MO,
USA). Trypsin digestion was carried out in the presence of 60% (v/v) methanol in 10mM
ammonium bicarbonate (pH 7.8) for approximately 8 hr at 37°C. All digested samples were
evaporated to dryness in a vacuum centrifuge and resuspended in 250 pL of 8 M urea

supplemented with a trace of Bromophenol Blue.

4.2.2 Peptide IPG-IEF

Digested proteins (1 mg) in 8M urea were used to passively rehydrate either a linear pH 3-
10 for 6 hrs at room temperature in triplicate. Isoelectric focusing was conducted on an
IPGphorll (GE Healthcare) with a current limit of 50 pA per strip on a 3-10 linear IPG strip
at 20°C with the following focusing program; 300 V for 1 h, a gradient to 1000 V for 1 h, a
gradient to 4000 V for 3 h, a gradient to 8000 V for 3 h and 8000 V until 100 kVh was
reached. The IPG strips were treated differently for their respective pA limits so that both
IPG strips would have 8000 volts as their maximum volt step. The strips were then cut (with
plastic backing still in place) with a scalpel blade into 24 equal length pieces. Peptides were
extracted from each fraction by incubation in 100uL of 0.1% (v/v) formic acid for 1 h at RT.
The extraction was repeated twice and subsequently combined with the initial fractions.
Combined peptide extracts were desalted using C18 tips (Omix, Varian Incorporated) and
the eluate dried using a vacuum centrifuge followed by resuspension in 0.1% (v/v) formic

acid in preparation for nanoLC-MS/MS.

4.2.3 Nanoflow liquid Chromatography — Tandem Mass Spectrometry

Each of the 24 fractions from the triplicate BR and NR IPG-IEF experiments were

analysed by nanoLC-MS/MS using a LTQ-XL ion-trap mass spectrometer (Thermo, CA,
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USA) according to Breci et al*”®. Reversed phase columns were packed in-house to
approximately 7 cm (100 um i.d.) using 100 A, 5 mM Zorbax CI8 resin (Agilent
Technologies, CA, USA) in a fused silica capillary with an integrated electrospray tip. A 1.8
kV electrospray voltage was applied via a liquid junction up-stream of the C18 column.
Samples were injected onto the C18 column using a Surveyor autosampler (Thermo, CA,
USA). Each sample was loaded onto the C18 column followed by initial wash step with
buffer A (5% (v/v) ACN, 0.1% (v/v) formic acid) for 10 min at 1pL min™'. Peptides were
subsequently eluted from the C18 column with 0% - 50% Buffer B (95% (v/v) ACN, 0.1%
(v/v) formic acid) over 58 min at 500 nL min™' followed by 50-95% Buffer B over 5 min at
500 nL min™". The column eluate was directed into a nanospray ionisation source of the mass
spectrometer. Spectra were scanned over the range 400-1500 amu. Automated peak
recognition, dynamic exclusion, and tandem MS of the top six most intense precursor ions at
35% normalisation collision energy were performed using the Xcalibur software (Thermo,

CA, USA).

4.2.4 Protein and Peptide Identification

Raw files were converted to mzXML format and processed through the global proteome
machine (GPM) software using version 2.1.1 of the X!Tandem algorithm, freely available

from Www.thegpm.orgm’ 130

. For each experiment, the 24 fractions were processed
sequentially with output files for each individual fraction and a merged, non-redundant
output file was generated for protein identifications with Log(e) values less than -1. Peptide
identification was determined using a 0.4 Da fragment ion tolerance. Carbamidomethyl was
considered as a complete modification and partial modifications were also considered, which

included oxidation of methionine and threonine; and deamidation of asparagine and

glutamine. MS/MS spectra were searched against the Mus Musculus database (Database
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derived from SwissProt, Ensemble and NCBI) and reverse database searching was used for
estimating false discovery rates'>'. For analysis of total protein identifications, proteins were
validated using a 1% false discovery rate by searching the MS spectra against a reverse
database and applying the following formula; FDR = reverse/(reverse + forward)*100.
Transmembrane segment annotation of the identified proteins was determined using the
TransMembrane Hidden Markov Model (TMHMM,

http://www.cbs.dtu.dk/servicess TMHMM-2.0/)°"> % % Gene ontology analysis was

conducted on quantified proteins using the Blast-2-go annotation software

(www.blast2go.org).

4.2.4 Calculation of Normalised Spectral Abundance Factors

Normalised spectral abundance factors were calculated according to Zybailov et al., 2006

using the following formula:

NSAF = (Spe/L)/S(Spe/L)

Where, Spc refers to spectral count (number of non-redundant peptide identifications for a
given protein), L is the length of the protein. Protein identifications were only included in
NSAF data analysis if a given protein was identified in each of the triplicate experiments
from either BR or NR IPG strips. The reduced protein list was then adjusted with a fraction
of a spectral count to allow the incorporation of proteins with zero spectral counts for
statistical analysis. An optimal adjustment factor was determined through fitting the natural
log of the NSAF values to a Gaussian curve, assessed by computing both R* values and
applying a Shapiro-Wilk test. To satisfy the Shapiro-Wilk test, a W value greater than 0.05

was needed to be obtained.

134



4.2.5 Statistical Analysis

Statistical analysis was conducted with Microsoft Excel using a Student’s t-test with equal
sample sizes and P<0.05 for assignment of statistical confidence. Origin8 software package
was used for assessing Gaussian distribution of data for label free quantitation by computing

both R? values and a Shapiro-Wilk test.
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4.3 Results

4.3.1 Label-Free Quantification Analysis

The label-free quantification method used in this study is a normalised value calculated
from raw spectral counts (Supp. Table 5 and Supp. Table 6). To be able to apply a Student’s
t-test analysis on individual proteins between control and tumor-bearing mice, the log-
transformation of the data needs to be normal in distribution. In this study, both datasets had
normal distributions as determined by a Shapiro-Wilk test with W values of 0.052 and 0.054
for control and tumor-bearing mice, respectively (Figure 4.01). The normal distribution was
also confirmed with an R-squared value of 0.998 for each of the datasets. Furthermore, to
allow the incorporation of proteins in each dataset with zero spectral counts and therefore, to
remove division by zero errors, each protein in each dataset was given the same additional
fraction of a spectral count. In this study, 0.18 was added to each protein as this value is the

lowest possible fraction which maintains a Shapiro-Wilk score greater than 0.05.

136



(A) (B)

7? 4004 7
3004 7
300
2 200 2
= 20 £ 200,
(-) O
100 1004
04—=4 |
0= | PN
5 . 9 12 8 4
Ln(NSAF) Ln(NSAF)

Figure 4.01: Normality distribution of In(NSAF) values for all 1581 proteins for (A) control and (B)
tumor-bearing mice. Analysis demonstrated that the data had a normal distribution with Shapiro-Wilk
test values of 0.052 (control) and 0.054 (tumor) and R-squared values of 0.998 for the datasets.

A natural log plot was constructed for the average values from control and tumor-bearing
mice to demonstrate the effects of biological variation on statistical analysis (Figure 4.02).
Linearity analysis of the data demonstrated that proteins with non-significant changes in
abundance had adjusted R-squared values of 0.77 compared to 0.4 for proteins with
statistically significant changes in abundance. Proteins with non-significant changes in
abundance were observed in similar positions as proteins with significant changes, providing
evidence for biological variations within replicates of control and tumor-bearing mice.
However, these results provide evidence that proteins that do not have significant changes in
abundance, generally fit a linear distribution, whereas, proteins with significant changes

rarely fit this linear relationship.
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Figure 4.02: Comparison of In(NSAF) values for control and tumor-bearing mice. The dark blue circles
represent the proteins with no significant changes and the black squares represent the 230 proteins that

had statistically significant changes in abundance.

4.3.2 Membrane Proteome Dynamic Range and Protein Abundance

In total, 1634 proteins satisfied the criteria for quantitative analysis, including 787 IMPs
from the livers of control or tumor-bearing mice (Supp. Table 6). Statistical analysis
determined that of the proteins detected, 230 proteins changed in abundance in the liver
when controls were compared to tumor-bearing mice (n=3, p<0.05). Relative to control mice
liver proteins, 82 proteins (including 29 IMPs) from tumor-bearing mice were observed to be

down-regulated, whereas 152 proteins (including 76 IMPs) were observed to be up-regulated
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(n=3, p<0.05). Overall, these results demonstrate that a spatially unrelated EHS sarcoma has

the ability to significantly influence the abundance of proteins within the liver.

To determine the dynamic range of the identified proteome, proteins were ranked based on
their respective In(NSAF) calculated from their collective spectral counts from each of the
replicate experiments (Figure 2.03). The results in this study demonstrate that the identified
proteins span between 10 natural log orders of magnitude, providing evidence for the ability
to detect and quantify low abundance proteins. Furthermore, proteins with statistically
significant changes in abundance were detected throughout the dynamic range of the liver
proteome, suggesting that there is no bias in the quantification of the identified proteins

based on abundance.

The protein with the highest collective In(NSAF) values of -2.65 (control) and -2.66
(tumor-bearing) was microsomal glutathione S-transferase 1. However, the protein with the
lowest collective In(NSAF) values in each of the samples changed; sialoadhesin with -13.77
for control mice; and collagen alpha-2(XI) chain with -13.98 for tumor-bearing mice,
repsectively. In addition, the average change in abundance for proteins that were statistically
significant was 1.57 natural log orders of magnitude. In particular, large shifts in abundance
were observed for some proteins such as cytochrome p450 4a14 and NADH dehydrogenase
iron-sulfur protein 3 as shown in figure 2.03. These results demonstrate the utility of this
shotgun proteomics methodology and label-free quantification for the analysis and
monitoring changes in abundance of proteins from the mouse liver membrane proteome over

a large dynamic range.

139



(A) (B)

-2 B Non-significant -2 B Non-significant
4 Significant 4 Significant

— 6 — '6

m o

<< -8 << -8

n n

< -10 = -

= 10 Naufs3

- =12 Cypdals n
-14 o 14 ypaa B

0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
Accumulated Proteins Accumulated Proteins

Figure 4.03: Distribution of proteins based on their In(NSAF) values as calculated from the sum of
their spectral counts from the three replicate experiments for control (A) and tumor-bearing mice (B).
Proteins are presented as having statistically significant changes (blue) or non-significant (black)
changes in abundance. Cytochrome p450 4al4 (Cyp4al4) and NADH dehydrogenase iron-sulfur protein

3 (Ndufs3) are representing rather large changes in abundance.

4.3.3 Gene Ontology Analysis of Identified Proteins

4.3.3.1 Molecular Process Annotation

To determine changes in abundance within the liver membrane proteome, proteins were
categorised using gene ontology annotation based on molecular process, molecular function
and cellular component. To provide an understanding of how these protein categories
changed between control and tumor-bearing mice, the sum of all proteins within each
category was calculated and statistical analyses performed. Data are presented as

percentages of the total annotations of the control datasets.
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Analysis of the annotated molecular processes (Figure 4.04) demonstrated that 49% of the
1,581 quantified proteins had a process annotation. Molecular process annotations were
dominated by primary metabolism and transport annotations with approximately 45% in
total. In particular, primary metabolism was observed to show an increase in abundance
from 22.7 + 0.11% in control and 23.3 + 0.17% tumor-bearing mice (n=3, p<0.05). In total,
52 proteins within primary metabolism were observed to have statistically significant
changes in abundance including retinol saturase and ribophorin 1. In addition,
macromolecular metabolism also represented a large proportion of the proteome, which
increased in abundance in tumor-bearing mice compared (13.6 £ 0.1%) to controls (13.1 £
0.1%) (n=3, p<0.05). Other large molecular processes that increased in abundance in tumor
bearing mice compared to the controls, included; biosynthetic processes (control = 8.63 +
0.04%, tumor = 8.87 + 0.06%) and cellular communication (control = 5.5 + 0.007%, tumor =
5.63 = 0.03) (n=3, p<0.05). Furthermore, less abundant processes involving response to
biotic stimuli, abiotic stimuli, external stimuli and stress, and cellular homeostasis, where all
up regulated in tumor-bearing mice (n=3, p<0.05). Proteins associated with these molecular
processes that changed in abundance included protein disulfide isomerase isoforms A4 and
A6, complement component 3, and fibrinogen isoforms o, § and y. These data demonstrate
that the presence of a tumor possesses the ability to influence the abundance of liver proteins

involved in key metabolic pathways.
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Figure 4.04: Analysis of proteins by gene ontology annotations based on molecular process. Proteins
were annotated into groups based on level 3 gene ontology classifications. Percentages are calculated
from the sum of all IN(NSAF) values for all the protein in each classifications in relation to the total of
the controls. Macro = Macromolecular, Cell Comp Org and Bio= Cellular Component Organisation and
biogenesis, Resp = Response, Stim = Stimulus (* n=3, p<0.05).

After demonstrating that primary metabolic processes were the largest molecular process
category, it was of interest to determine whether sub-classifications had also changed in
abundance between control and tumor-bearing mice. The most abundant of the primary
metabolic processes was protein metabolism (Figure 4.05), which was significantly down-
regulated in tumor-bearing mice by 1.93% (n=3, p<0.05). Furthermore, nucleotide
metabolism was also down-regulated in tumor-bearing mice by 0.41% (n=3, p<0.05).
However, carbohydrate, lipid and amino acid metabolism did not change between control
and tumor-bearing mice. In addition to primary metabolic processes, transport process was
also highly abundant in the liver samples; however, sub-classification detected no changes in

abundance for electron, ion and protein transport processes (Appendix 3, Figure 3.1).
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Figure 4.05: Sub-classification of primary metabolic processes demonstrates that protein and
nucleotide metabolic processes were down-regulated in tumor-bearing mice with protein metabolism
being the most abundant process. Carbohydrate, lipid and amino acid metabolism demonstrated no

significant changes in abundance (*n=3, p<0.05).

4.3.3.1 Molecular Function Annotation

Molecular functions (Figure 4.06) were annotated for 53% of the proteins, in which the
most dominant categories included, nucleotide binding (~14.5%), oxidoreductase activity
(~12.8%), hydrolase activity (~11.5%) and ion binding (~11%), which equated to
approximately 50% of all functional annotations. Protein binding was shown to be a
dominant molecular function and was observed to be up-regulated in tumor-bearing mice
with 7.15 + 0.03% compared to controls with 6.86 £ 0.04% (n=3, p<0.05). In particular, ring
finger protein 121 (26 fold change) and leucine rich repeat containing 59 (1.4 fold change),
both transmembrane proteins, were both up-regulated in tumor-bearing mice. Proteins with
lyase functions were shown to be down regulated in tumor-bearing mice with 1.27 = 0.01%

compared to controls with 1.29 + 0.003%. Finally, proteins with enzyme inhibitor activity
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and lipid binding were observed to be up regulated by 0.09% and 0.02% in controls

compared to tumor-bearing mice, respectively.
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Figure 4.06: Analysis of proteins by gene ontology annotations based on molecular function. Proteins
were annotated into groups based on level 3 gene ontology classifications. Percentages are calculated
from the sum of all In(NSAF) values for all the protein in each classifications in relation to the total of
the controls. (*n=3, p<0.05).

Like molecular process annotations, the most abundant molecular function annotations
were broken down into sub-categories. Analysis of the oxidoreductase activity (Figure
4.06a) demonstrated that monooxygenase activity decreased in abundance in tumor-bearing
mice by 1.2% compared to controls. However, electron carrier activity increased in
abundance in tumor-bearing mice by 0.97% compared to controls. Likewise, analysis of ion
biding functions demonstrated that calcium, zinc and copper binding were all increased in
tumor-bearing mice (Figure 4.06b). However, sub-categories in nucleotide binding functions

demonstrated no significant changes (Appendix 3, Figure 3.2) and likewise with hydrolase
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activity (Appendix 3, Figure 3.3). These results demonstrate that although some molecular
functions appear to have no significant changes in abundance, subcategorizing the data helps

to gain a better understanding of changes in the overall behavior of the membrane proteome.
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Figure 4.06: Analysis of sub-categories from the molecular function annotations of (A) oxidoreductatse
(Ox) function and (B) ion binding functions between control and tumor-bearing mice(*n=3, p<0.05). For
oxidoreductase activity both monoxygenase activity and electron carrier activity had significant changes
in abundance. Likewise, proteins with ion binding binding functions, calcium, copper and zinc binding

had significant changes in abundance.
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6.3.3.1 Cellular Component Annotations

Cellular component annotations were represented by only 20% of the data, suggesting that
little is known about the location of the quantified proteins in these datasets. Analysis of
cellular component annotations (Figure 4.07) determined that the four most abundant
components all had statistically significant up-regulation in tumor-bearing mice. These
cellular components included; intracellular (increase = 1.01%), intracellular part (increase =
0.83%), intracellular organelle (increase = 0.67%) and membrane-bounded organelle
(increase = 0.57%). Further sub-classification of membrane-bounded organelle demonstrated
that mitochondria and endoplasmic reticulum were the most dominant annotations; however,
the only annotation that was statistically different was the Golgi apparatus (1% increase in
tumor bearing mice) (Figure 4.08). In addition, extracellular space represented the lowest
percentages, which increase in tumor-bearing mice with 0.59 + 0.002% compared to 0.49 +

0.017% in controls.
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Figure 4.07: Analysis of proteins by gene ontology annotations based on cellular component. Proteins
were annotated into groups based on level 3 gene ontology classifications. Percentages are calculated
from the sum of all In(NSAF) values for all the protein in each classifications in relation to the total of
the controls (*n=3, p<0.05.)
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Figure 4.08: Sub-classification of membrane-bounded organelle annotations, which demonstrated that

the Golgi apparatus had a significant decrease in protein abundance in the mouse liver membrane
proteome (*n=3, p<0.05).
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4.3.4 Transmembrane Protein Abundance

To demonstrate that transmembrane proteins from the purified mouse liver membrane
proteome were quantified and differently abundant, analysis of the types of TMPs was
conducted (Figure 4.09). In total, 787 predicted transmembrane proteins (TMPs) were
quantified through peptide IPG-IEF shotgun proteomics and label-free quantification,
including 102 TMPs (44% of all proteins that were differentially abundant due to the
presence of a tumor) that had differential abundance due to the presence of the tumor. These
results demonstrate that based on TMP predictions, single TMPs were the most abundant
TMPs (369 proteins) and of these proteins, 62 were statistically changed in abundance (n=3,
p<0.05). In addition, 110 proteins were predicted to contain two transmembrane segments of
which 10 changed significantly in abundance. Analysis of proteins with greater than 10
transmembrane segments demonstrated that 61 were quantified and 9 of these had
statistically significant changes in abundance. These results provide evidence for the
differential expression of TMPs in mouse liver membrane proteome in relation to tumor-

induced inflammation.
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Figure 4.09: Number of quantified transmembrane proteins based on the number of transmembrane
segments. Proteins that did not change significantly in abundance are presented in black and the number

of proteins that changed in abundance that were statistically significant is presented in blue.

To demonstrate that the label-free quantitative shotgun proteomics method used in this
study is not bias against IMPs, the abundance distribution of IMPs is presented in figure
4.10. IMPs were quantified throughout the dynamic range for the identified membrane
proteome suggestive that there is no inherent bias in the quantification of IMPs from the
mouse liver proteome. Furthermore, analysis of the IMPs that changed significantly
demonstrated that changes in IMP abundance is not skewed toward more highly or more

lower abundance IMPs.
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Figure 4.10: Abundance distribution of integral membrane proteins in control and tumor-bearing
mice. Black squares represent proteins with non-significant change in abundance and light blue circles

represent the proteins with isginificant changes in abundance.

To provide details of TMPs of interest that changed in abundance in tumor-bearing mice,
proteins representing the solute carrier family and transmembrane protein family are
displayed in figure 4.11a and 4.11b. Solute carrier family 4al (also known as anion
exchanger 1) is a 12 transmembrane segment IMP that was up-regulated in tumor-bearing
mice with a 6.6 fold change. Also the Slc7a2a protein which is a low affinity cationic amino
acid transporter 1 was also up-regulated in tumor-bearing mice with a 30 fold change.
Alternatively, Slc7a2b (low affinity cationic amino transporter 2) was down-regulated in
tumor-bearing mice with a 51 fold change. Both of these cationic amino acid transporters
contain 14 transmembrane segments, providing evidence for the utility of the shotgun
proteomics strategy and label-free quantification in hydrophobic transporter analysis.
Slc23al, a vitamin C transporter, demonstrated a 1.8 fold down-regulation in tumor-bearing
mice. Finally, Slc31al, Sle35¢2 and Slc38a4 were up-regulated in tumor-bearing mice with
35, 12 and 2.1 fold changes in abundance, respectively. In addition, another 64 solute carrier

family members were also identified and quantified through label-free shotgun proteomics.
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Figure 4.11: Transmembrane proteins that changed significantly in abundance between control and
tumor-bearing mice. (A) Solute carrier family, (B) Transmembrane protein family and (C) Cell surface
receptors (n=3, p<0.05).

A total of 35 transmembrane (Tmem) family members were also identified from the mouse
liver membrane protein samples and 5 proteins were observed to have statistically significant
changes in abundance. In particular, Tmem112, also known as lipase maturation factor 1 was

shown to have been 1.7 fold up-regulated in tumor-bearing mice. Tmem56 and Tmem147
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both demonstrated down-regulation in tumor-bearing mice with 24 fold and 2.3 fold changes
in abundance, respectively. However, Tmem 146a and 168 were shown to be up-regulated in
tumor-bearing mice with 12 fold and 5.7 fold changes in abundance, respectively. These
results demonstrate that tumor-bearing mice have an altered abundance of largely
hydrophobic multi-transmembrane proteins and therefore, suggest the potential role of these

transmembrane proteins in the altered metabolic state of the liver in cancer patients.

Analysis of the liver membrane proteome found that many cell surface receptors
significantly changed in abundance (Figure 4.11c). One of the most prominant cell surface
receptors observed was the epidermal growth factor receptor (EGRF), which was up-
regulated in tumor-bearing mice by 1.9 fold. In addition, growth hormone receptor (GHR)
and colony stimulating factor 1 receptor (CSF1R) had quite large increases in abundance by
8.5 fold and 18.8 fold in tumor-bearing mice, respectively. In addition, intracellular adhesion
molecule (ICAM), integrin B2 (CD18), integrin aL (CD11a) and integrin oM (CD11b), all
which are known interacting partners of each other, were up-regulated from 3.9 fold to 36.6
fold in tumor-bearing mice. Finally, complement component 3 and a disintegrin and
metalloproteinase domain 17 (CD156b) were also up-regulated in tumor-bearing mice by 3.7
and 4.8 fold, respectively. These results demonstrate that in addition to large multi-
transmembrane segment containing IMPs, cell surface receptors were quantified and

displayed statistically significant changes in abundance due to tumor-induced inflammation.
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4.4 Discussion

The aim of this study was to test whether the presence of a benign tumour and any tumor-
induced inflammation that it caused had the ability to influence the abundance of membrane
proteins within the liver using quantitative shotgun proteomics. Recently, tumor-induced
inflammation has been recognised as a cause of altered liver metabolic function in cancer
patients with the signature of elevated blood IL-6 and hepatic acute phase reactive protein®’.

11, 93
d

Previously, liver shotgun proteomics analysis has been extensively conducte and

quantitative analysis has provided valuable information about the changes in the liver

139 To determine the effects of tumor-

proteome in relation to hepatitis C-induced fibrosis
induced inflammation of liver membrane proteins, this Chapter focused on the label-free

quantitative shotgun proteomics using peptide IPG-IEF for the analysis of enriched

membrane proteins in control and tumor-bearing (hind limb EHS sarcoma) mice.

4.4.1 Proteomic Analysis

Label-free quantitative analysis of the mouse liver membrane proteome was performed on
control and tumor-bearing mice. To allow the analysis of individual proteins through
Student’s t-test statistical comparison, the overall data needs to be normal in distribution as
used by Zybailov et al'2. Shapiro-Wilk analysis of the In(NSAF) values determined that the
quantified membrane proteome had a normal distribution. In addition, natural log plots of
control verse tumor In(NSAF) values demonstrated that the distribution of proteins with non-

significant change in abundance had an expected higher degree of linearity than proteins
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with significant changes in abundance. These results therefore provide evidence for the use
of statistical assessment of individual proteins within the mouse liver membrane proteome

between control and tumor-bearing mice.

In total, 1,581 proteins were identified from the liver membrane proteome from the control
and tumor-bearing mice, which included 230 proteins that were differentially abundant.
These results are similar to studies on human liver biopsies in relation to hepatitis C virus-
induced fibrosis, in which 1,641 proteins were quantified and 210 proteins were statistically
different between samples using stable isotope labelling'*’. Analysis of the mouse liver
proteome between control and tumor-bearing animals demonstrated that the dynamic range
of the proteome was quite broadly represented by 10 natural log orders of magnitude. On a
logo scale, this dynamic range represents 5-6 orders of magnitude, higher than previous
studies on mouse liver proteins''. The results Chapter are focused on membrane enriched
samples, which reduces the complexity of sample and therefore, contributes to a higher order
of magnitude in quantification. In addition, proteins were quantified and shown to be
differentially abundant throughout the dynamic range of the quantified liver membrane
proteome. These results suggest the ability to quantify statistically significant differences in

protein abundance is not skewed to high or low abundance proteins.

The protein Mgstl was observed to be the most abundant liver membrane protein in both
controls and tumor-bearing mice with an average of ~1,100 peptide counts. The least
abundant proteins identified varied between control and tumor-bearing mice which where
sialoadhesin and collagen alpha-2(XI) chain, respectively. Large changes in relative
abundance were observed for proteins such as Cyp4al4 which was high in control mice but
almost the least abundant in tumor-bearing mice. The opposite change was observed for
Ndufs3, where low abundance was observed in controls but high abundance in the tumor-

bearing mice. These results provided evidence for the dynamic shift in abundance of some
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proteins in relation to tumor-induced inflammation and these changes are observed in a

rather large dynamic range of the liver membrane proteome.

4.4.2 Gene Ontology Annotations

To provide an detailed understanding of the changes in abundance of different cellular
processes within the membrane proteome, gene ontology analysis determined that many
molecular processes had changes in abundance. Primary metabolic processes were the most
common annotation of the membrane proteome and were observed to increase by 0.6% in
tumor-bearing mice compared to controls. Although, this percent change may seem small,
the implications of this change are prominent because the percentage represents changes in a
large number (52) of proteins. Proteins involved in response to different stimuli, which
included biotic, abiotic, external and stress, were all shown to be up-regulated in tumor-

bearing mice, including fibrinogen a., 3, y, and complement component 3.

Additional analysis of proteins from the two largest groups, primary metabolic analysis
and transport process, provided additional information on changes in abundance in sub-
groups of proteins within the mouse liver membrane proteome. Within primary metabolic
processes, both protein and nucleic metabolism had observed decreases in accumulated
protein abundance; however, similar analysis on transport processes demonstrated no

significant changes in abundance.

Gene ontology annotations based on molecular function demonstrated that protein binding,
enzyme inhibitor activity and lipid binding were observed to be more abundant in tumor-
bearing mice compared to controls. In this study, approximately 50% of all the function

based annotations were from nucleotide binding, oxidoreductase acitivity, hydrolase activity
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and ion binding functions. Breaking down each of these categories into sub-classes, provided
further information in which categories within oxidoreductase and ion binding demonstrated
significant changes in abundance. Monooxygenase activity was observed to be down-
regulated in tumor-bearing mice, which is in line with results in later parts of this thesis
(Chapter 5.2) where cytochrome p450s known to be monooxygenases demonstrated
decreases in abundance in tumor-bearing mice. Similarly, the observed increase in
abundance of electron carrier activity of oxidoreductases is in line with individual protein
analysis demonstrating the increase in abundance of Complex I electron transport chain
proteins (see Chapter 5.2). Similar analysis of ion binding proteins, demonstrated that
calcium, zinc and copper binding proteins were collectively up-regulated in tumor-bearing

mice.

Unlike molecular processes and functions, cellular component annotation was quite low
with only 20% of the proteins being annotated; suggesting that little information is available
on membrane protein localisation. Approximately, 85% of the control and 88% of tumor-
bearing mice cellular component annotations were derived from four main classifications,
which included intracellular, intracellular part, intracellular organelle and membrane-
bounded organelle. Membrane-bounded organelle annotations were sub-categorised based
on organelle, which determined that only the Golgi apparatus had a significant change in

abundance, which was observed to be down-regulated in tumor-bearing mice.

4.4.3 Integral Membrane Protein Analysis

Analysis of the IMPs that changed in abundance between control and tumor-bearing mice

demonstrated that many transmembrane segment containing IMPs had significant changes in
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abundance. In total, 787 transmembrane proteins were quantified, of which 102
transmembrane proteins changed in abundance, ranging from proteins with single
transmembrane segments through to as many as 16 transmembrane segments. These results
provide compelling evidence that IMP identification, quantification and analysis of
differential abundance of IMPs is achievable using label-free quantitative shotgun
proteomics, similar to previous studies'?. The ability to analyse IMPs using quantitative
shotgun proteomics has been demonstrated in previous publications'" '* '°°; however, the
use of a membrane enrichment strategy has further enhanced the analysis of IMPs in a
quantitative methodology in this study. In addition, the quantitave analysis of IMPs was not
biased, as demonstrated by the detection and quantification of IMPs throughout the dynamic
range of the proteome. Furthermore, the IMPs with significant changes in abundance were
not clustered to high or low abundance proteins suggesting that high numbers of detected
peptides from individual proteins are not required to obtain reliable assessment of changes in

protein abundance.

Transmembrane proteins with multi-transmembrane segments were quantified and
demonstrated statistically significant changes in abundance. In this study, members of the
solute carrier family and transmembrane protein families demonstrated changes in
abundance due to tumor-induced inflammation. These proteins represent previously
unreported changes in protein abundance within the liver membrane proteome in relation to
tumor-induced inflammation. For example, the Slc4al protein is an anion exchanger found
abundantly in red blood cells'>* but it has not been reported in relation to differential
abundance in the liver. Interestingly, Slc7a2a and 7a2b are low affinity cationic amino acid
transporters, which demonstrated opposite changes in abundance. Slc7a2a is mostly

abundant within the liver; however, Slc7a2b has been observed to increase in abundance

153, 154 155-157

upon stimulation with cytokines and endotoxin treatment , suggesting Slc7a2b is

responsive to inflammation reactions. In addition, Slc38a4 is a sodium/neutral amino acid
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transporter, which in this study was shown to be induced in tumor-bearing mice and has

been shown to be expressed highly in the perivenous hepatocytes of rodent livers'>® '>?.

Proteins of the transmembrane family were also quantified and demonstrated significant
changes in abundance; however not much is known about their functions. Recently,
Tmem112 has been characterised at the genome level and is also known as lipase maturation
factor 1, which is important protein involved in hypertriglyceridemia'®. These results
provide novel candidate proteins that have changed in abundance within the mouse liver
membrane proteome in tumor-bearing mice and therefore, are potentially linked to the

altered metabolic state of the liver observed in cancer patients.

Cell surface receptors were also investigated for changes in abundance in tumor-bearing
mice since previous studies have shown elevated levels of IL-6 in cancer and it is known that
this cytokine instigates pro-inflammatory signal transduction pathways through these types
of receptors. For example, liver EGFR abundance increased in tumor-bearing mice and it is
well established that EGFR expression is induced by IL-6"®" and at the transcript level by
lipopolysaccharide-induced inflammation'®*. Macrophage colon stimulating factor 1 receptor
has also been shown in mouse models to play an important role in chronic inflammatory

164 CSF1R was shown to have an increased

diseases such as arthritis'® and atherosclerosis
abundance in tumor bearing mice and this is consistent with elevated CSFIR gene
expression data from LPS-induced inflammation in the mouse liver'®. Cell adhesion
molecules, notably component-3 receptor (CD11b/CD18) and ICAM-1 have been shown to
be expressed on the surface of Kupffer cells'®. These cell adhesion molecules are involved
in Kupffer cell interactions with C3-opsinised erythrocytes and are also involved in
leukocyte interactions'®> "%, In this study, CD11b, CD18 and ICAM-1 were all shown to be

significantly increased in tumor-bearing mice. ICAM-1 increased protein abundance due to

tumor-induced inflammation is consistent with gene expression profiles of LPS-induced
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inflammation in mouse liver'®”. In addition, C3 was increased in abundance in tumor-bearing
mice, which is a target protein of the component-3 receptor (Cd11b/CD18). These results
provide evidence for the association between tumor-induced inflammation and the

abundance of cell surface receptors in the mouse liver.

4.4.4 Conclusion

In summary, this study demonstrates the label-free quantitative shotgun proteomics
analysis of tumor-induced inflammation on the mouse liver membrane proteome. Label-free
quantitative shotgun proteomics provided the identification and quantification of a large
dynamic range of proteins, representing 10 natural log orders of magnitude. Tumor-induced
inflammation was observed to influence the abundance of various different molecular
processes, functions and cellular component, including; primary molecular processes,
protein binding functions and membrane-bounded organelle components. Analysis of the
transmembrane protein component of the membrane proteome demonstrated that a large
number of IMPs had significantly changed abundance levels, which included many large
hydrophobic multi-transmembrane proteins and cell surface receptors. These results provide
compelling evidence for the influence of tumor-induced inflammation on the abundance of

membrane proteins within mouse livers.
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Chapter 5: Affects of Tumor-Induced
Inflammation on Biochemical Pathways in the

Mouse Liver
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5.1 Introduction

Tumor-induced inflammation has been associated with lack of safety of chemotherapeutic
agents in patients with solid tumors. This type of inflammation is associated with increased
levels of IL-6, serum amyloid protein P and hepatic expression of C-reactive protein® '*,
Furthermore, the tumor-induced inflammation has been shown to influence gene expression
and protein abundance of some proteins. In all, the number of proteins in liver thus far which

have shown altered abundance in relation to tumor-induced inflammation is only small, and

therefore this important biological study requires further investigation.

Initial studies have shown changes in abundance of proteins involved in xenobiotic
metabolism and clearance. In particular, human cytochrome p450 3a4 has been implicated in
the altered clearance of anti-cancer agents and has been shown to have reduced gene

105 . . .
. Studies in mice have

expression and protein abundance in tumor-bearing mice®
demonstrated that mouse Cyp3all (mouse homologue of human Cyp3a4), has altered gene
expression and protein abundance in association with tumor-induced inflammation from
breast, melanoma and EHS sarcoma tumors®. However, protein analysis of cytochrome p450
3all was achieved using 3a family specific antibodies that are not isoform specific.

Furthermore, transgenic mice containing human Cyp3a4 demonstrated reduced gene

expression and protein abundance in relation to tumor-induced inflammation™.

Drug transporters have also been shown to have altered gene expression and protein
abundance in tumor-bearing mice’. ABC transporters C2 and C3 have been shown through
transcript analysis and Western blot analysis to have decreased levels of abundance in mice
livers in association with the presence of a hind limb EHS sarcoma’. Furthermore, at the

transcript level, Ntcp (Slcl0al), OATp2, OATpc, Bsep, ABCG2, Mdr2 and Berp have all

161



been shown to have reduced gene expression levels in tumor-bearing mice’. These results
support the finding that tumor-induced inflammation in mice studies, provides details of the
underlying molecular processes in the reduced clearance of xenobiotics seen in cancer

patients.

In Chapter 4, we demonstrated the application of label-free quantitative shotgun
proteomics of the mouse liver membrane proteome in relation to tumor-induced
inflammation. In particular, collective analysis of proteins based on the molecular processes
to which they are involved in, their molecular functions and their cellular locations, provided
interesting information of altered abundance of proteins based of cellular classifications. For
example, collectively, proteins involved in primary metabolic processes, in particular protein
and nucleic acid metabolism, had altered abundance due to tumor-induced inflammation.
Knowing how tumor-induced inflammation affects the global profile of the mouse liver
membrane proteome, it was of interest to investigate how tumor-induced inflammation

influences the abundance of individual proteins.

The aim of this Chapter is to provide detailed analysis of individual proteins that have
changed in abundance in tumor-bearing mice as determined through label-free shotgun
proteomics of the mouse liver membrane proteome. Initial analysis of the data found that
many of the proteins that have changed in abundance included proteins from the same
biochemical pathways or protein complexes not described in the gene ontology analysis in
Chapter 4. Proteins from fatty acid metabolism pathways were quantified and many
demonstrating altered protein abundance in tumor-bearing mice. Similarly, proteins involved
in cholesterol biosynthesis, xenobiotic metabolism and clearance, oxidative phosphorylation
and protein glycosylation, all demonstrated altered protein abundance in tumor-bearing

mice.
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5.2 Methods

5.2.1 Sample Preparation

Eight- to ten-week-old C57BL/6 male mice (Concord RG Hospital, Australia) were
aseptically inoculated with either 0.3 ml suspension of Englebreth-Holm-Swarm (EHS)
sarcoma into the right quadriceps muscle, suspended in 0.3 ml of PBS subcutaneously into
the right flank. Control animals were inoculated with the vehicle alone. Tumor mass reached
~3g or 10% of the total body weight of the mouse over 17-21 days. Mice were then
euthanised, perfused with saline solution (PBS) and livers harvested.

Mouse liver tissue (1.5 g) was then homogenised in 10 mM HEPES buffer (pH 7.8)
supplemented with 2 mM NaCl, 10 mM NaOH, 500 mM EDTA and protease inhibitors (3
mg antipain-dihydrochloride, 0.5 mg aprotinin, 0.5 mg bestatin, | mg chymostatin, 3 mg E-
64, 10 mg EDTA-Na2, 0.5 mg leupeptin, 20 mg pefabloc SC, 0.5 mg pepstatin, 3 mg
phosphoramidon) (Roche Diagnostics, Switzerland) using an Omni TH homogeniser (Omni
International Inc., VA, USA). The homogenised tissue was then centrifuged at 13,000 g for
15 min at room temperature (RT).

Membrane proteins were isolated using a modified sodium carbonate stripping method™>
37, Briefly, the supernatant was collected and diluted to a final volume of 40 mL in 0.1 M
sodium carbonate (pH 11) then incubated for 1 h rotating at 4°C. The carbonate-treated
membranes were sedimented by ultracentrifugation at 120,000 x g for 1 h at 4°C. The
supernatant was removed and the membrane pellet was washed once with 0.1 M sodium
carbonate (pH 11) and resuspended in 10 mM ammonium bicarbonate (NH4sHCOs, pH 7.8).
Sample was then transferred to a 20 mL glass scintillation vial and pulse sonicated using a
Branson 450 Sonifier (Branson, Danbury, USA) using 2 second bursts for 15 intervals on
ice. The sonicated sample was then reduced with 10 mM dithiothreitol for 1 h at 37°C and

subsequently alkylated with 55 mM iodoacetamide at RT for 30 min. Protein quantification
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was conducted by Bradford Assay (Sigma-Aldrich, MO, USA). Trypsin digestion was
carried out in the presence of 60% (v/v) methanol in 10mM ammonium bicarbonate (pH 7.8)
for approximately 8 hours at 37°C. All digested samples were evaporated to dryness in a
vacuum centrifuge and resuspended in 250 pL. of 8 M urea supplemented with a trace of

bromophenol blue.

5.2.2 Peptide IPG-IEF

Digested proteins (1 mg) in 8M urea were used to passively rehydrate either a linear pH 3-
10 for 6 hrs at room temperature in triplicate. Isoelectric focusing was conducted on an
IPGphorll (GE Healthcare) with a current limit of 50 pA per strip on a 3-10 linear IPG strip
at 20°C with the following focusing program; 300 V for 1 h, a gradient to 1000 V for 1 h, a
gradient to 4000 V for 3 h, a gradient to 8000 V for 3 h and 8000 V until 100 kVh was
reached. The IPG strips were treated differently for their respective pA limits so that both
IPG strips would have 8000 volts as their maximum volt step. The strips were then cut (with
plastic backing still in place) with a scalpel blade into 24 equal length pieces. Peptides were
extracted from each fraction by incubation in 100uL of 0.1% (v/v) formic acid for 1 h at RT.
The extraction was repeated twice and subsequently combined with the initial fractions.
Combined peptide extracts were desalted using C18 tips (Omix, Varian Incorporated) and
the eluate dried using a vacuum centrifuge followed by resuspension in 0.1% (v/v) formic

acid in preparation for nanoLC-MS/MS.

5.2.3 Nanoflow liquid Chromatography — Tandem Mass Spectrometry

Each of the 24 fractions from the triplicate BR and NR IPG-IEF experiments were

analysed by nanoLC-MS/MS using a LTQ-XL ion-trap mass spectrometer (Thermo, CA,
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USA) according to Breci et al*”®. Reversed phase columns were packed in-house to
approximately 7 cm (100 um i.d.) using 100 A, 5 mM Zorbax CI8 resin (Agilent
Technologies, CA, USA) in a fused silica capillary with an integrated electrospray tip. A 1.8
kV electrospray voltage was applied via a liquid junction up-stream of the C18 column.
Samples were injected onto the C18 column using a Surveyor autosampler (Thermo, CA,
USA). Each sample was loaded onto the C18 column followed by initial wash step with
buffer A (5% (v/v) ACN, 0.1% (v/v) formic acid) for 10 min at 1pL min™'. Peptides were
subsequently eluted from the C18 column with 0% - 50% Buffer B (95% (v/v) ACN, 0.1%
(v/v) formic acid) over 58 min at 500 nL min™' followed by 50-95% Buffer B over 5 min at
500 nL min™". The column eluate was directed into a nanospray ionisation source of the mass
spectrometer. Spectra were scanned over the range 400-1500 amu. Automated peak
recognition, dynamic exclusion, and tandem MS of the top six most intense precursor ions at
35% normalised collision energy were performed using the Xcalibur software (Thermo, CA,

USA).

5.2.4 Protein and Peptide Identification

Raw files were converted to mzXML format and processed through the global proteome
machine (GPM) software using version 2.1.1 of the X!Tandem algorithm, freely available

from Www.thegpm.orgm’ 130

. For each experiment, the 24 fractions were processed
sequentially with output files for each individual fraction and a merged, non-redundant
output file was generated for protein identifications with Log(e) values less than -1. Peptide
identification was determined using a 0.4 Da parent and fragment ion tolerance.
Carbamidomethyl was considered as a complete modification and partial modifications were

also considered, which included oxidation of methionine and threonine; and deamidation of

asparagine and glutamine. MS/MS spectra were searched against the Mus Musculus database
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(Database derived from SwissProt, Ensemble and NCBI) and reverse database searching was
used for estimating false discovery rates'®'. For analysis of total protein identifications,
proteins were further validated using a 1% false discovery rate by searching the MS spectra
against a reverse database and applying the following formula; protein FDR =
reverse/(reverse + forward)*100.

Transmembrane segment annotation of the identified proteins was determined using the
TransMembrane Hidden Markov Model (TMHMM,

http://www.cbs.dtu.dk/servicess TMHMM-2.0/)®"> 1% 14¢ " Gene ontology analysis was

conducted on quantified proteins using the Blast-2-go annotation software

(www.blast2go.org).

5.2.4 Calculation of Normalised Spectral Abundance Factors

Normalised spectral abundance factors were calculated according to Zybailov et al., 2006

using the following formula:

NSAF = (Spc/L)/Y(Spc/L)

Where, Spc refers to spectral count (number of non-redundant peptide identifications for a
given protein), L is the length of the protein. Protein identifications were only included in
NSAF data analysis if a given protein was identified in each of the triplicate experiments
from either BR or NR IPG strips. The reduced protein list was then adjusted with a fraction
of a spectral count to allow the incorporation of proteins with zero spectral counts for
statistical analysis. An optimal adjustment factor was determined through fitting the natural

log of the NSAF values to a Guassian curve, assessed by computing both R* values and
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applying a Shapiro-Wilk test. To satisfy the Shapiro-Wilk test, a W value greater than 0.05

was required.

5.2.5 Statistical Analysis

Statistical analysis was conducted with Microsoft Excel using a Student’s t-test with equal
sample sizes and P<0.05 for assignment of statistical confidence. Origin8 software package
was used for assessing Gaussian distribution of data for label free quantitation by computing

both R? values and a Shapiro-Wilk test.
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5.3 Results

Tumor-induced inflammation in mouse models has been previously shown to increase
blood levels of IL-6, therefore, it was of interest to demonstrate the identification and
quantification of the IL-6 receptor. In this study, IL-6 receptor beta (IL-6Rf3) had low level
abundance in both control and tumor-bearing mice with no observable change in abundance
(Figure 5.01). However, IL-6Ra, also required for IL-6 mediated signal transduction was not
detected from the mouse samples. These results provide some evidence to suggest that IL-6
signal transduction pathways are active in the mouse liver in control and tumor-bearing

mice.
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Figure 5.01: IL-6Rb quantification from the mouse liver membrane proteome in control and tumor-
bearing mice with low relative abundance of 0.24x10°° and 0.36x10°°, respectively.

5.3.1 Fatty Acid Metabolism

Analysis of the proteins which changed in abundance demonstrated that many proteins

were part of the fatty acid degradation pathway. Firstly, to demonstrate that the importation
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of fatty acids through the plasma membrane into the cells is a viable process in both control
and tumor-bearing mice, analysis of proteins involved in fatty acid uptake was conducted
(Figure 5.02). In this study, CD36, a known scavenger receptor for fatty acids was detected
at low abundance in control and tumor-bearing mice (NSAF = 5x107). Analysis of the solute
carrier family 27 fatty acid transporters demonstrated that Slc27a2 and Slc27a5 were
moderately abundant in the mouse samples with average NSAF values of 43x10” and
21x107 for control and tumor-bearing mice, respectively. Slc27a4 was also detected in the
mouse samples but at low levels of 2.7x107 and 1.4x107 in control and tumor-bearing mice,
respectively. In addition, long acyl CoA synthetases (LACS) 1 and 5 were of moderate
abundance in the mouse samples with LACS1 demonstrating decreased abundance in tumor-
bearing mice (n=3, p<0.5). Furthermore, LACS3 was also detected but at much lower levels
compared to isoforms 1 (55 fold lower in controls, 18 fold lower in tumor-bearing mice) and

5 (29 fold lower in controls and 17 fold lower in tumor-bearing mice).

Analysis of intracellular processing of fatty acids also detected the presence of fatty acid
transport proteins that are localised to the cytosol, peroxisomes and mitochondria. Liver
specific fatty acid binding protein (FABP1) and epidermal specific fatty acid binding
proteins (E-FABP) were detected with FABP1 being the most dominant protein with
approximately 29x107. In addition, E-FABP was shown to be up-regulated in tumor-bearing
mice with a 13.9 fold change (n=3, p<0.05). Peroxisomal fatty acid transporter, ABCD3,
was detected at moderate levels within the mouse liver samples and in addition, ABCD1 and
ABCD4 were also detected but at much lower levels. Furthermore, mitochondrial fatty acid
transporters were also detected with the most abundant transporters being Slc25a20 and
Cptla, whilst Cpt2 was at much lower levels of abundance. This data provides evidence for
a functional fatty acid importation pathway through the plasma membrane and into the

peroxisomes and mitochondria of liver cells.
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Figure 5.02: Quantitative analysis of proteins involved in fatty acid importation into the cell and
proteins involved in the transportation of the fatty acids into the mitochondrial and peroxisomes. Cell
surface proteins included; CD36; solute carrier family members 2, 4; liver-specific (FABP1) and
endothelial-specific (E-FABP) fatty acid binding proteins; and acyl CoA synthase long chain (LACS)
enzymes 1, 3, 5. Peroxisomal transporters, included; ATP-binding cassette family, D1, D3, and DA4.
Mitochondrial transporters, included; solute carrier family 25 member 25 and carnitine
palmitoyltranferases 1la and 2. (*p<0.05, n=3)

Further analysis of fatty acid enzymes demonstrated that a subset had significant changes
in abundance and were localised to the peroxisomes and mitochondrial (Figure 5.03).
Acetyl-CoA acetyltransferase (Acaa) 1B and Ehhadh (enoyl-CoA, hydratase/3-hydroxyacyl-
CoA dehydrogenase) both localised to the peroxisomes were down-regulated in tumor-
bearing mice by 5.7 fold and 2.8 fold, respectively. Acetyl-CoA acetyltransferase 2, acyl-
CoA dehydrogenase medium chain (Acadm) and acyl-CoA dehydrogenase short/branched
chain that are all involved in mitochondrial fatty acid degradation were down-regulated in
tumor-bearing mice by 1.8, 3.1 and 10.8 fold, respectively. In addition, B-ketothiolase
(Hadhb) also a mitochondrial localised fatty acid degradation enzyme was down-regulated

by 2.4 fold in tumor-bearing mice. Furthermore, Acaalb, Acaa2 and Ehhadh are the most
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abundant fatty acid degradation enzymes, suggesting that a reduction in these enzymes

should impair the ability of the liver to degrade fatty acids.

To further support the observations of reduced fatty acid metabolism, analysis of -
oxidation enzymes involved in the metabolism of unsaturated fatty acids also found a down-
regulation of these enzymes in tumor-bearing mice. In addition, propionyl-CoA carboxylase
o, (Pcca) was down-regulated by 15.3 fold in tumor-bearing mice; however, propionyl-CoA
carboxylase B (Pccb) was up-regulated by 9 fold in tumor-bearing mice. Furthermore,
Elongation of long chain fatty acids member 6 (Elovl6) demonstrated a down-regulation of
abundance in tumor-bearing mice by almost 10 fold. These results provide evidence for the
down-regulation of fatty acid metabolism through the down-regulation of -oxidation and -

oxidation enzymes in tumor-bearing mice in the presence of an active fatty acid importation

pathway.
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Figure 5.03: Fatty acid degradation enzymes that were observed to have significant changes in
abundance. Peroxisomal proteins, aceyl-CoA acetlytransferase (Acaa) 1b and enoyl-Coenzyme A,
hydratase/3-hydroxyacyl Coenzyme A dehydrogenase were significantly down-regulated. Mitochondrial
fatty acid degradation enzymes were also down-regulated in tumor-bearing mice, including; Acaa2, acyl-
CoA dehydrogrenase short/branch chain, acyl-CoA dehydrogenase medium chain, b-ketothiolase b-
subunit, enoyl Coenzyme A hydratase domain containing 2, propionyl-CoA carboxylase a (Pcca).
Propionyl-CoA carboxylase B (Pccb) was up-regulated in tumor-bearing mice. Elongation of very long

chain fatty acids protein 6 (Elovl6) was also down regulated in tumor-bearing mice. (n=3, p<0.05).
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Five cytochrome p450s including, Cyp4al0, 4al2a, 4al2b, 4al4 and 4v3 were all down-
regulated in tumor-bearing mice with the largest change in abundance observed in Cyp 4al4
with a 226 fold change (Figure 5.04). Cyp4f family members (13, 14 and 15) were also
quantified and their abundance represented moderate to low abundance. Furthermore, Cyp
enzymes 2ul and 2el were both observed to be down-regulated in tumor-bearing mice by
1.38 fold and 2.9 fold, respectively. Alcohol dehydrogenases 1 and 5, which also play a role
in omega fatty acid metabolism were both detected in the mouse samples with Adhl being
the most abundant of the two. In total, 11 aldehyde dehydrogenase enzymes were quantified
with Aldh3a2 as the most abundant; however, Aldhla7 was the only protein that was

observed to have a 1.9 fold up-regulation in tumor-bearing mice.
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Figure 5.04: Omega oxidation of fatty acids was also analysed for changes in abundance within the
liers of control and tumor-bearing mice. In this study, ten cytochrome p450s (Cyp) were detected from
the families, 4a, 4v, 4f, 2e and 2u, and furthermore, all except the 4f family had significant changes in
abundance in tumor-bearing mice. Two alcohol dehydrogenases (Adh) and eleven aldehyde
dehydrogenase’s were also quantified with Adhla7 the only protein to demonstrate significant change in

abundance. (*p<0.05, n=3)
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Microsomal triglyceride transfer protein (Mttp, 1.4 fold) was shown to be down-regulated
in tumor-bearing mice; however, protein disulfide isomerase enzymes A3 (1.5 fold), A4 (4.5
fold), and A6 (8.3 fold), known to interact with Mttp were up-regulated in tumor-bearing
mice (Figure 4.05). Apolipoproteins A1 (ApoAl), A2 (ApoA2) and AS (ApoAS5), proteins
involved in the transport of cholesterol and fatty acids back to the liver, were all quantified
in this study. Interestingly, ApoA1l was shown to be up-regulated in tumor-bearing mice by
4.2 fold. In addition, ApoE, ApoO and ApoO-like were the most abundant apolipoproteins
within the mouse liver; however, showed no observed differences in abundance in relation to
tumor-induced inflammation. Furthermore, Low-density lipoprotein receptor (Ldrll) and
related protein 1 (Lrpl) were both detected in the mouse liver samples with Lrpl
demonstrating an up-regulation in tumor-bearing mice. These results provide evidence that

pathways for the up-take of cholesterol and triglycerides in the liver are present.
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Figure 4.05: Analysis of proteins involved in triglyceride and cholesterol up-take in the liver

demonstrated the quantification of Mttp, Pdia3, Pdia4, and Pdia6, involved in apolipoprotein secretion.
In addition, apolipoproteins involved in the transportation of cholesterol and triglycerides to the liver
were also detected including, Al, A2, A5, B, E, O and O-like. Low-density lipoprotein receptor (LdlIr)
and associated protein (Lrpl) were also detected in the mouse liver membrane samples. (*n=3, p<0.05).
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After demonstrating initial evidence suggesting that mice under tumor-induced
inflammation are increasing the production of some apolipoproteins, it was of interest to
investigate cholesterol biosynthesis pathways. In this study, enzymes involved in cholesterol
biosynthesis (Figure 4.06) increased in abundance in tumor-bearing mice, including;
squalene epoxidase (4.27 fold), NAD(P) steroid dehydrogenase-like (1.39 fold), farnseyl
diphosphate synthetase (1.95 fold) and farnseyl diphosphate farnesyl transferase (4.66 fold).
Translocator protein, which is involved in the rate limiting step of cholesterol biosynthesis,
was significantly increased in tumor-bearing mice with a fold change of 1.38, suggesting
that the liver under tumor-induced inflammation has the capability of synthesizing
cholesterol. Furthermore, steroid reductase enzymes, 7 and 24 dehydrocholesterol reductase
were also detected in the mouse liver samples. Finally, results also demonstrated the
detection of the cholesterol efflux transporters, ABCA1, 2, 3, and 6; however at low level
abundance. These results provide evidence that tumor-induced inflammation results in the
increased abundance of cholesterol biosynthesis enzymes, which may serve to increase bile

acid production.
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Figure 4.06: Cholesterol biosynthesis enzymes detected from the mouse liver membrane samples.
Cholesterol synthesis enzymes were observed to be up-regulated in tumor-bearing mice, which included;
squalene epoxidase, NAD(P) steroid dehydrogenase-like, farnesyl diphosphate synthetase, translocator
protein and farnesyl diphosphate farnesyl transferase 1. Cholesterol synthesis enzymes, Cyp27al, 7-
dehydrocholesterol reductase, 24- dehydrocholesterol reductase and the cholesterol transporters,
ABCAL, ABCAS3, and ABCAG6 were also quantified. (*n=3, p<0.05).
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5.3.2 Xenobiotic Metabolism and Transportation

Previous studies have demonstrated the reduced metabolism and clearance of xenobiotic

4 105 1t was therefore of interest to

compounds in cancer patients and animal models
investigate enzymes involved in phase I and phase II xenobiotic metabolism, including;
cytochrome p450, UDP-glucuronide transferases and glutathione S-transferases. In total, 46
different Cyp isoforms were quantified in this study in which 29 of these enzymes involved
in xenobiotic metabolism are presented in figure 5.07. Cypla family was represented by
three isoforms, which all demonstrated statistically significant decreases in abundance
between 1.25-1.77 fold changes. Cypb family was represented by 2b9 and 2b10, which both
demonstrated decreased abundance in tumor-bearing mice; however these decreases are not
statistically significant. The largest family of Cyp enzymes was the Cyp2C family having
quantified 12 of these proteins but none of these enzymes changed significantly in
abundance. In addition, Cyp2d, 2j and 3a families were also represented by 4, 3 and 5
proteins, respectively, with none of these proteins having changes in abundance. It was also
of interest to determine the abundance of Cyp3all and 3al3 that are the mouse equivalents
of human 3a5 and 3a4, respectively, which perform a central role in xenobiotic metabolism.
In this study, cyp3all was the most abundant 3a enzyme, whereas 3al3 was more
moderately abundant. These results clearly demonstrate the ability to quantify a large
number of cytochrome p450 phase I xenobiotic metabolism enzymes and have provided

descriptive analysis of changes in abundance in some of the enzymes due to tumor-induced

inflammation.
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Figure 5.07: Abundance of cytochrome p450 enzymes within the control and tumor-bearing mice with
46 in total quantified in which 29 are presented here. The Cyps quantified represent 6 families, 1B, 2B,
2C, 2D, 2J and 3A, in particular 2C was represented with 12 isoforms. (*n=3, p<0.05).

Phase II metabolism of xenobiotics is mediated through Ugts and Gst enzymes, it was
therefore necessary to investigate their abundance profiles to determine the overall effects of
xenobiotic metabolism (Figure 5.08). In this study, 10 Ugts were quantified in which two
had statistically significant changes in abundance. These enzymes included Ugts 1a9 and
2b5 with 1.46 fold and 1.15 fold changes in abudance; however these changes in abundance
overall are both quite small. Analysis of Gsts demonstrated the quantification of 12 enzymes

in which two demonstrated statistically significant changes in abundance. These enzymes
included, Gst-pil, which increased in abundance in tumor bearing mice with a 1.87 fold
change and Gst-k1, which decreased in abundance in tumor-bearing mice by 2.9 fold. In
addition, microsomal Gstl was the most abundant membrane protein in the mouse samples
suggesting that glutathione-conjugation used in phase II xenobitioc metabolism is active.

These results demonstrate the influence of tumor associated inflammation on the abundance
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of specific proteins involved in the metabolic detoxification and clearance of xenobiotic

compounds from mouse livers.
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Figure 5.08: Phase Il metabolism of xenobiotic compounds is conducted through glucuronic acid and
glutathione conjugation using Ugt and Gst enzymes. In total, 10 Ugts and 12 Gsts were quantified and of

these proteins, two of each family demonstrated significant changes in abundance. (*p<0.05, n=3)

In addition to the changes in protein abundance for proteins involved in phase I and phase
IT metabolism of xenobiotics, it was of interest to investigate the relative abundance of
transporters involved in drug clearance (Figure 5.09). ABCC2 is a transporter involved in
the canalicular extrusion of bile and xenobiotics through glucuronide conjugates and is able

167, 168

to confer resistance to some anticancer agents . In this study, ABCC2 was shown to be
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down-regulated in tumor bearing mice by 1.93 fold. ABCC3 is involved in the efflux of
glucuronide and sulfate conjugated xenobiotics into the sinusoid of the liver for clearance
through the kidneys'®. ABCC3 in this study was shown to be down regulated in tumor
bearing mice by 2.36 fold suggesting evidence for a reduction in xenobiotic clearance.
Furthermore, ABCG2, a transporter also known for its ability to transport similarly
conjugated xenobiotics into the bile canaliculi of the liver was shown to be down regulated
in tumor bearing mice with a 1.69 fold change. These results support the idea that the
abundance of xenobiotic transporters suggests that xenobiotic clearance by liver cells is
slowed in tumor bearing mice.
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Figure 5.09: Conjugated xenobiotics are cleared from the liver into the sinusoid blood vessel or through
the bile caniculus through ABC transporters. ABC transporters, C2, C3 and G2, all demonstrated a

significant decrease in abundance in tumor-bearing mice. (p<0.05, n=3).

5.3.3 Electron Transport Chain

Examination of the proteins that were shown to be up-regulated in tumor-bearing mice
found that many proteins that are part of complex I (NADH dehydrogenase) of the electron
transport chain were represented (Figure 5.10). NADH dehydrogenase alpha subunits
(Ndufa) 5, 9 and 12 were all up-regulated by 48 fold, 1.95 fold and 3.9 fold in tumor-bearing

mice. The most striking observation was the up-regulation of five iron-sulfur subunits
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(Ndufs), which demonstrated significant changes in abundance that ranged from 122 fold
change in Ndufs3 to as low as 4.5 fold change in Ndufs8. In addition, both flavoprotein
subunits, Ndufvl and Ndufv2 were up-regulated in tumor-bearing mice by 6.4 and 18.5 fold,
respectively. The beta subunit demonstrated an up-regulation in Ndufb4 with a 2 fold
change; however, Ndufb9 did not fit the trend with a down-regulation of 1.2 fold. To put
these observations into context in relation to quantified Nduf subunits, 12 out of a total of 30
changed in abundance of which 11 were up-regulated in tumor bearing mice (Appendix 4,

Figure 4.2a).

In addition to NADH dehydrogenase subunits, cytochrome ¢ oxidase 5b (Cox5b) and
mitochondrial ATP synthase 8 (mt-Atp8) both had significant increases in protein abundance
with 3.26 and 2.72 fold change, respectively. In context of proteins quantified from the
electron transport chain, 14 out of 58 proteins (Appendix 4, Figure 4b-d) had significant

changes in abundance in the mouse liver due to the presence of a tumor.
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Figure 5.10: NADH dehydrogenase subunits quantified and demonstrated changes in abundance in
tumor-bearing mice compared to the controls. All but one subunit was up-regulated in tumor-bearing
mice, including; the alpha (Ndufa), beta (Ndufb), iron-sulfur (Ndufs) and flavoprotein subunits (Ndufv)
(n=3, p<0.05).
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5.3.4 Glycosylation Enzymes and UDP-Sugar Transportation

Analysis of liver membrane protein abundance also found that enzymes involved in N-
linked glycosylation were significantly increased in tumor bearing mice (Figure 5.11a). In
particular, mannoside acetylglucosaminyltransferase (Mgat) 1, 2 and 5 are all enzymes
involved in the synthesis of glycans and were shown to have greater than a two fold increase
in abundance in tumor bearing mice. In addition, glycoprotein endo-alpha-1,2-mannosidase
(Manea) was 3.8 fold more abundant in tumor bearing mice, which is involved in the
hydrolysis of terminal mannosyl residues in complex glycans. Furthermore, mannosidase,
alpha, class 1B, member 1 (Man 1b1) and mannosidase 2, alpha 1 (Man 2al) were both up-
regulated in tumor bearing mice with a 6.03 and 1.75 fold change, respectively. Both of
these enzymes are involved in the synthesis of glycans on asparagine residues of target
proteins.

O-linked glycosylation enzymes (Figure 5.11b) were also increased by at least 3.5 fold in
tumor bearing mice with enzymes including; ST3 beta-galactoside alpha-2,3-
sialyltransferase 1 (St3Gall); core 1 synthase, glycoprotein-N-acetylgalactosamine 3-beta-
galactosyltransferase, 1 (C1GalT1); C1GALT-specific chaperone 1 (C1GalT2); and beta
galactoside alpha 2,6 sialyltransferase 1 (St6gall). Beta-1,3-galactosyltransferase 3
(B3galnt1) was shown to have a 3.4 fold change in tumor bearing mice, which is involved in
the glycosylation of ceramide, a sphingolipid that resides in the plasma membrane. Beta-
glucuronidase is a glycosidase involved in the removal of glucuronide from proteins, which
was also shown to up-regulated by 3.9 fold. Furthermore, each of these enzymes are single

transmembrane containing IMPs localised to the golgi apparatus, providing evidence for the
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utility of the designed quantitative shotgun proteomics technique for the analysis of
differentially abundant IMPs. This study also demonstrated that the presence of a tumor can
influence the abundance of enzymes involved in protein and lipid glycosylation within the

membranes of mouse livers.
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Figure 5.11: Enzymes involved in the glycosylation of proteins in the Golgi apparatus were quantified
and demonstrated significant changes in abundance. These enzymes include proteins involved in (A)

mannose-related glycosylation and (B) galactose-related glycosylation (n=3, p<0.05)

After demonstrating that protein glycosylation was significantly altered in tumor-bearing
mice, it was of interest to investigate the abundance and possible changes in abundance of

UDP-sugar transporters in the Golgi apparatus and ER (Figure 5.12). Solute carrier family
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35 proteins are transporters that are involved in the supply of UDP-sugars to the Golgi and
ER. Slc35al, known to transport UDP-sialic acid, was quantified in the mouse liver samples,
which demonstrated moderate to low abundance. Acetylglucosamine transporter, Slc35a3
was also quantified and demonstrated similar levels of abundance to Slc35al, a sialic acid
transporter. The most abundant transporter was Slc35d1, which was approximately 3-4 fold
higher than all other UDP-sugar transporters and is involved in the transportation of UDP-
glucuronic acid and UDP-GalNac. Importantly, Slc35e¢2 demonstrated a significant increase
in abundance in tumor-bearing mice; however there is no known substrate for this
transporter. These results demonstrate that transporters for sugar substrates required for
protein glycosylation have been quantified and with the increased abundance of
glycosylation enzymes suggests protein glycosylation has increased in activity in tumor-

bearing mice.
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Figure 5.12: Abundance of UDP-sugar transporters of the solute carrier family 35 in control and
tumor-bearing mice. Slc35el demonstrated a significant up-regulation in tumor-bearing mice. (*p<0.05,

n=3).
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5.4 Discussion

Advanced stage cancer patients have been shown to have altered drug metabolism of
chemotherapeutic drugs, which prevents the ability to define safe and effective
chemotherapeutic doses for patient treatment’. Tumor-induced inflammation has been
implicated as a possible explanation for this adverse drug metabolism, which results in the
increased blood levels of IL-6 and promotion of the acute phase response’. IL-6 has been
shown to reduce hepatic expression of cytochrome p450s and drug clearance transporters''>
'3 Furthermore, the presence of a spatially unrelated tumor has also been demonstrated to
influence the hepatic expression of drug metabolizing enzymes and drug clearance
transporters’. It has been suggested that tumor-induced inflammation is one underlying cause
of this altered expression of hepatic enzymes® > ', The aim of this study was to determine
the differential abundance of hepatic membrane proteins in response to tumor-induced
inflammation caused by the presence of an EHS sarcoma in mice. To assess this aim,
enriched mouse liver membrane proteins from control or tumor bearing mice were analysed

through label-free quantitative shotgun proteomics.

5.4.1 Interleukin-6 Receptor

In this study, IL6-RP (gp130) was quantified in the mouse samples, suggesting that the
systemic inflammation associated with increased IL-6 in tumor-bearing mice had the
potential to induce an inflammatory response in the liver tissue. The IL-6 receptor is
composed of two subunits, the alpha subunit and two beta subunits; however, in this study,
the o subunit was undetectable. Although, previous studies have identified soluble forms of
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both receptors , which would go undetected in this study, since the sample is a purified

membrane preparation. In addition, studies on the membrane localised alpha subunit, have

183



also demonstrated that the transmembrane segment is not required for signal transduction'”"
and therefore, suggesting alternative mode of activation through the membrane localised 3
receptor and the soluble o subunit. However, the detection of the B-receptor suggests the

potential for IL-6 mediated signal transduction within the liver cells in tumor-bearing mice.

5.4.2 Fatty Acid Metabolism and Cholesterol Biosynthesis

In this study, fatty acid degradation enzymes were shown to be down-regulated in the
peroxisomes and mitochondria. The products of fatty acid degradation are succinate and
acetyl-CoA, which can be used for the production of energy or processes such as
gluconeogenesis. Fatty acid degradation enzymes that were observed to be down-regulated
included the peroxisomal proteins, Acaalb and Ehhadh, and many mitochondrial enzymes
including the highly abundant Acaa2. These results are similar to a recent quantitative
shotgun proteomics study on hepatitis C infection in liver cells, which demonstrated down-
regulation in fatty acid metabolizing enzymeslso. Furthermore, the quantification of proteins
associated with fatty acid importation such as CD36, Slc27a transporters, LACS enzymes,
liver-specific and epidermal-specific FABP suggests that the up-take of fatty acids from the
sinusoid is functional. Furthermore, this is also exemplified with the quantification of fatty
acid transporters localised to the peroxisomes (ABCD family) and the mitochondrial
(Slc252a20, Cptlb and Cpt2).

Omega oxidation of fatty acids is conducted in the ER and is performed by stepwise
hydroxylation and oxidation reactions. These reactions are performed by Cyps, alcohol
dehydrogenases and aldehyde dehydrogenases. In this study, Cyp 4a, 4f, 4v3, 2el and 2ul
were quantified, which demonstrated that all the quantified 4a family, 4v3, 2el and 2ul
enzymes were significantly down-regulated in tumor-bearing mice. The cytochrome p450

enzymes that were observed to have been down-regulated in tumor-bearing mice represent
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the most abundant Cyps involved in fatty acid metabolism in this mouse liver study. This
observation suggests a reduction in lipid peroxidation that would result in a decrease in
dicarboxylic acids for peroxisomal P-oxidation and a decrease in the hydroxylation of
arachidonic acid to form hydroxyeicosatetraenoic acid used for the production of
inflammatory mediators such as leukotreines. The reduction of Cyp4al4 and 4al2 protein in
this study is consistent with gene expression profiles of LPS-induced inflammation in mouse
liver'®. Furthermore, Cyp4a gene expression is under the control of peroxisomal

proliferator-activated receptor (PPAR)'"

, which regulates the expression of enzymes
involved in B-oxidation.

Taken together, an active fatty acid importation pathway through the quantification of
fatty acid transport proteins and the reduction in 3 and w-oxidation of fatty acids in this
study, suggests that liver cells are limited in supply of fatty acids but have the potential to re-
accumulate for cellular metabolic needs. This idea is supported by the up-regulation of
proteins such Pdia isoforms 3, 4, and 6, which promote the secretion of apolipoproteins
(fatty acid and cholesterol binding proteins) into the blood'”™ '™, However, the down-
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regulation of MTTP that forms a complex with Pdia isoforms and is required for

. : - 175,176
apolipoprotein B secretion ™

, suggests that alternative apolipoproteins may be in use for
fatty acid accumulation.

Apolipoprotein Al is involved in the redistribution of fatty acids and cholesterol from
tissues back to the liver'’’. Therefore, the up-regulation of apoA-1, suggests that tumor-
bearing mice livers are actively seeking to re-accumulate cholesterol and fatty acids. ApoA-
1 has been implicated in the interaction with the cholesterol efflux pump, ABCA1, which
accepts the efflux of cholesterol from cells for transportation in the blood stream'’®. The
quantification of four ABCA family members 1, 3 and 6, suggests the ability of the cells to

undertake cholesterol efflux onto apoA-1. In addition, ApoA-I and apoE are necessary for

serum amyloid A protein bound high density lipoprotein circulation'””. Recent studies have
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demonstrated that tumor-bearing mice have elevated blood concentrations of SAP’
suggesting a connection between increased hepatic abundance of apoA-I and the high apoE
abundance observed in this study, with elevated SAP observed in these mice. The active re-
accumulation of fatty acids is further substantiated by the increased abundance of Lrpl and
the detection of Ldlr for the internalisation of cholesterol and fatty acid binding proteins
from the blood.

Tumor-bearing mice also demonstrated an increase in abundance of cholesterol
synthesizing enzymes. In this study, Tspo was also significantly increased in tumor bearing
mice, which is involved in transportation of cholesterol into the mitochondria and is the rate
limiting step of bile biosynthesis'®’. Cholesterol is a major constituent of bile acid and is
formed from the hydroxylation by the mitochondrial located Cyp27al. Enzymes involved in
the production of cholesterol were also observed to be up-regulated in tumor-bearing mice
with significant increases in abundance of Sqle, Nsdhl, Fdps and Fdftl. The increase in
cholesterol synthesis enzymes is similar to gene transcript analysis in relation to
atherosclerosis, where significant increases were observed for the expression of Sqle, Fdftl,
Fdps and Dher7'™. To further support this concept, the analysis of bile acid transporters in
this study demonstrated no significant changes in abundance with relatively moderate
abundances overall. These results are therefore supportive of the increase in production of
bile by the liver so as to increase the reabsorption of fatty acids through enterohepatic

circulation.

5.4.3 Xenobiotic Metabolism and Clearance

The higher levels of blood IL-6 known to reduce the clearance of drugs warrants further
investigation into specific xenobiotic metabolizing enzymes that are also suggestive of

reduce drug clearance. In this study, proteins involved in phase I and phase II metabolism of
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xenobiotics were down regulated in tumor bearing mice suggestive of reduced drug
clearance in association with tumor-induced inflammation. Phase 1 proteins included
cytochrome p450s 1a2, 2a5, 2al2 and the NADH-b5r3, which have not been implicated in
hepatic response to tumor-induced inflammation. In total, 46 different cytochrome p450s
were quantified with the highest expression observed for Cyp2c29, which metabolises
arachidonic acid to 14,15-cis-epoxyeicosatrienoic acid. Cyp3all was highly abundant in the
mouse samples; however, the overall abundance between control and tumor-bearing mice
was unaltered contrary to previous studies™ °. These studies demonstrate the advantage of
proteomic analyis of cytochrome p450 because of the ability to quantify these proteins with
isoform specificity.

In addition, phase II metabolic proteins included 12 Ugt enzymes known for their role in
the xenobiotic conjugation of glycuronides to xenobiotics to increase the compounds
solubility for excretion. The glucuronide conjugates are then pumped out of the liver through
ABC transporters for excretion through the kidneys. In this study, two isoforms
demonstrated significant decreases in abundance in tumor-bearing mice, which included
Ugtla9 and 2b5. Similarly, 12 Gsts were quantified in this study, including Mgst1, which
was the most abundant protein in the mouse liver membrane proteome. Furthermore, Gstpil
demonstrated an up-regulation in tumor-bearing mice, whereas, Gstk1 demonstrated a down-
regulation in tumor-bearing mice.

Inflammation induced IL-6 production has been associated with increased drug resistance,
therefore resulting in enterohepatic drug accumulation. IL-6 has been implicated in the
reduced expression of hepatic transporter mRNA> ' and therefore it was important to
investigate whether drug clearance transporters changed in abundance in tumor bearing
mice. Our results demonstrated that specific drug clearance transporters, namely ABCC2,
ABCC3 and ABCG2, were all significantly down regulated in tumor bearing mice. All three

of these transporters have been shown in the same tumor-induced inflammation model to be
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significantly decreased in tumor bearing mice’. ABCC3 has been shown to be down-
regulated in liver at the protein level in tumor bearing mice’. ABCC3 has been implicated in
the transportation of glucuronide, sulfates and bile acids at the basolateral membrane of

182183 and is induced in endotoxin mediated cholestasis''. Although ABCC3

hepatocytes
expression is down-regulated in tumor bearing mice, NTCP, OatpA and OatpC were highly
abundant suggesting an active enterohepatic bile transportation system. ABCG2 has been
implicated in the biliary excretion of sulfate and glucuronide conjugate metabolites as

demonstrated by impaired clearance of 4-methylumbelliferyl conjugates in ABCG2 negative

mice'®*,

5.4.4 Electron Transport Chain

This study also demonstrated an increased abundance of complex I NADH dehydrogenase
subunits in tumor-bearing mice. Complex I is a source of production of reactive oxygen
species, which are known mediators of inflammation responses providing evidence that the
liver is responding to tumor-induced inflammation. In line with this observation, ABC
transporters involved in the transportation of heme and iron-sulfer components of complex I
were highly abundant in both control and tumor-bearing mice (Appedix 4, Figure 4.4).
Furthermore, nicotinamide nucleotide transhydrogenase was also a dominant protein within
the enriched liver membrane proteome suggesting a mechanism for recycling NAD back to
NADH for complex I proton transportation. In addition, mitochondria ATP synthase 8 and
Cox5b were also increased in tumor-bearing mice suggesting that oxidative phosphorylation
is promoted in these mice. Recent proteomics studies on human liver biopsies from hepatitis
C infected patients demonstrated a down-regulation of oxidative phosphorylation proteins, in

150

particular complex III, IV and the ATP synthase subunits ™. This is the first study to
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demonstrate the up-regulation of 11 subunits of NADH dehydrogenase (complex I) of the

electron transport chain in tumor-bearing mice.

5.4.5 Protein Glycosylation

A key component of a cellular response to inflammation is conveyed through the
membrane by cytokines and through cell-to-cell interactions. Protein involved in interactions
at the surface of cells that are involved in cell adhesion have a tendency to be glycosylated.
In this study, enzymes involved in glycosylation pathways increased in abundance in tumor
bearing mice. In particular, the glycosylation enzymes involved in the maturation of both N-
linked (St6gall) and O-linked (St3gall) glycosylation have increased in abundance in
tumor-bearing mice. This observation is consistent with studies suggesting that St6gall is

. . 185, 186
predominantly expressed in liver cells ™

and is induced by inflammation mediated IL-6
87 Furthermore, inflammation was also shown to induce expression and function of St3gall
and St6gall in mouse liver tissue and was shown to induce both a2,3-linked sialic acid and
a2,6-linked sialic acid glycotopes on serum proteins'™. In addition, a macrophage specific
cell surface protein, Sialoadhesin, binds preferentially to a2,3-linked sialic acid glycotopes
on hemopoietic cells and was shown to be up-regulated by tumor-induced inflammation in
this study. These results suggest a link between increased cell protein glycosylation and the

increased abundance of cell adhesion proteins in macrophages as a consequence of tumor-

induced inflammation.

This link between glycotope presentation and macrophage expressed lectins is further
exemplified with the increased abundance of Clec4f, which is a Kupffer cell specific lectin

known to preferentially bind GalNAcbl-3Gal modified proteins. In this study, B1,3-
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galactosyltranfserase was increased in abundance in tumor bearing mice, confirming the link
between increased glycotope presentation and the specific lectins for which they interact on

the surface of macrophages.

Finally, to mediate the increase in protein glycosylation, UDP-sugars are transported into
the Golgi apparatus and ER as substrates for the mentioned enzymes. The transportation of
these UDP-sugars is mediated by transporters of the solute carrier family 35. In this study,
six members of the Slc35 family were identified, including the transporters for sialic acid,
GalNac and glucuonic acid. The most abundant transporter was Slc35D1, which is

understandable with the role of Ugts in phase II metabolism of xenobiotics in the liver.

5.4.6 Conclusion

Tumor-induced inflammation had a profound affect on the abundance of proteins within
the liver, which included many biochemical pathways. Proteins from the fatty acid
importation and degradation pathways were quantified with many in the degradation
pathway demonstrating a significant down-regulation in tumor-bearing mice. Furthermore,
proteins from xenobiotic metabolism and transport including Cyps, Ugts and Gsts and ABC
transporters, all demonstrated changes in abundance with many demonstrating down-
regulation in tumor-bearing mice. In contrast, 14 electron transport chain proteins and 15
glycosylation enzymes all demonstrated a significant increase in tumor-bearing mice. These
results demonstrate that tumor-induced inflammation has a significant influence on the
abundance of proteins in the liver and provides some understanding of the global changes

seen in liver metabolism in cancer patients.
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Chapter 6: General Discussion
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6.1 Shotgun Proteomics Using IPG-IEF Separation of Peptides

6.1.1 Method Development

The initial aims of this thesis were to develop a methodology that uses the advantages of
separating peptides by IPG-IEF for the first dimension separation of two dimensional
shotgun proteomics. The results in this initial study (Chapter 2) demonstrate that the
developed method results in a sample of tryptic peptides from rat liver membrane proteins
that can be separated and analysed by two dimensional shotgun proteomics. In addition, the
preparation of trypsin digested rat liver membrane proteins was enhanced with the use of
60% methanol, which confirming what has been shown previously34’ 63. 64 Furthermore,
IPG-IEF provided high resolution separation of peptides for two dimensional shotgun
proteomics’™> °" 1% 192 The utility of both the sample preparation method and the IPG-IEF
fractionation approach are evident from the detection of thousands of peptides and over 1500

proteins using these methods.

Separation of peptides by IPG-IEF was demonstrated to be high resolution with
approximately 95% of all peptides focusing into two or less fractions. Furthermore, the high
correlation between theoretical and observed pl for most peptides, suggests that [PG-IEF
separation is accurate. For these reasons, the desired outcome of using peptide pl as
additional filtering constraint with protein false discovery rate, was achievable and provided
the recovery of high confidence protein identifications. The ability to use peptide pl filtering
as an additional filtering constraint in combination with peptide false discovery rates has
been demonstrated’’; however, in this study, peptide pl filtering was combined with protein

false discovery rates.
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6.1.2 Improvements to the Methodology

After demonstrating the identification of as many as 804 proteins on average from single
experiments using a 3D ion trap, it was of interest to investigate methods to improve the
analysis of rat liver membrane proteins. Improvements were made to the method through
increasing the sample load, using CI18 tips that have higher capacity for removing
contaminant molecules after focusing, and using higher resolution, faster scanning mass
spectrometry with the ability to increase the number of parent ions selected for
fragmentation. The alteration to the method in Chapter 3 resulted in the identification of
approximately 2100 proteins on average, a thousand more than the previous method in
Chapter 2. Furthermore, the number of peptide identifications increased by almost 3 fold,
providing evidence that the resulting methodology is a significantly improved technique for

shotgun proteomic analysis of the rat liver membrane proteome.

In addition to providing improvements to the overall methodology, a comparison between
different pH gradients was also assessed. In Chapter 2, observations of higher resolution
separation of peptides within the acidic regions of the IPG strip and the tendency of tryptic
peptides to be acidic, prompted a comparison of broad range (pl 3-10) and narrow range
(3.4-4.9) IPG strips. The comparison of the two pH gradients determined that narrow range
IPG strips provided the identification of a sub-set of proteins that otherwise went undetected
from broad range IPG strips. These observations were due to a greater than 2 fold increase in
acidic peptides from narrow range IPG strips, resulting in the detection of different proteins.
These observations were further confirmed by using rigorous statistical analysis through
label-free quantification to assess the overall change in spectral counts in individual proteins
over the identified proteome. This statistical approach determined that the narrow range [IPG

strips did improve the spectral counts of 319 proteins. However, what was most interesting
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about the comparison was that in combination, the two types of pH gradients could provide
comprehensive analysis of the rat liver membrane proteome as demonstrated by the 4195
high confidence protein identifications. This is the highest number of identified proteins

from the rat liver membrane proteome ever compiled from a coherent study.

Furthermore, the label-free quantitative analysis of rat liver membrane proteins from broad
and narrow range IPG strips also allowed the assessment of the overall depth of coverage of
the membrane proteome. Analysis of the dynamic range of the quantified proteins
determined that the shotgun proteomics methodology using IPG-IEF separation of peptides
provided a comprehensive, in-depth coverage of the membrane proteome. Membrane
proteins were detected throughout the dynamic range covered by this shotgun proteomics
methodology providing evidence for the use of this method for analysis of biological

questions involving membrane proteins.

6.1.3 Membrane Proteomics

Analysis of the IMP constituent identified from the rat liver membrane proteome provided
evidence for the utility of shotgun proteomics for the analysis of IMPs. Studies conducted
using IPG-IEF for the separation of 300png of membrane protein digest and MS analysis with
a 3D ion trap provided the identification 690 non-redundant IMPs (Chapter 2). On average
the percentage of IMPs was between 44-49% for each experiment. Using a larger sample
load (1mg digest) and high resolution, faster scanning MS with the linear ion trap, an
expected increase in IMPs was observed with 1,100 in total and with 826 on average in each
experiment (Chapter 3). The percentage of IMPs in these experiments was approximately

33-35% IMP, which is a direct result of higher sample loading and the higher resolution,
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faster scanning of the linear ion trap MS. However, the lower percentage of IMPs in
experiments with higher sample loading and linear ion trap MS is not due to analytical
incompleteness, as the percentages are the same for proteins that were reproducibly
identified (i.e. proteins used in label-free quantification because they were detected in at
least 3 experiments) from the broad and narrow range IPG strips. Regardless of the
percentage of IMPs that were detected, the shotgun proteomics methodology resulted in a
large number of IMPs that may go undetected by other techniques such as 2D gel analysis.
These results provide compelling evidence for the use of this shotgun proteomics

methodology for the analysis of liver membrane proteins.

Previous studies have concluded that highly hydrophobic IMPs are refractory to analysis
by 2D gels due to poor solubility of these proteins and the tendency to precipitate during the
first dimension. Unlike the separation of proteins on IPG strips in 2D gels, the separation of
peptides is not problematic for IPG strips because tryptic peptides are much more soluble
than hydrophobic intact proteins and therefore, the identification of highly hydrophobic
IMPs is achievable. The recovery of highly hydrophobic IMPs provided evidence for the
utility of IPG-IEF based shotgun proteomics for membrane protein analysis. The ability to
use spectral counting as a means for non-biased quantification also provides valuable

methods to compare the abundance of these hard to detect proteins in biological studies.

Some of the most dominant families of proteins identified from the rat liver membrane
proteome included xenobiotic metabolizing enzymes (Cyps, Gsts and Ugts) and transporters
(ABC transporters and Slc proteins), which are important IMPs involved in drug metabolism
of the liver. Shotgun proteomic analysis using IPG-IEF methodology identified 41 Cyps
from the rat liver membrane proteome from 3D ion trap and linear ion trap experiments. The
most striking feature of the data was the increase in spectral counts over the entire family,

which was low in 3D ion trap experiments with 8.63 £+ 0.7 compared to 85.8 £+ 3.66 in linear
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ion trap experiments. Analysis of ABC transporters and Slc proteins determined that in total
25 and 53 family members were identified respectively, demonstrating a marked increase
from earlier studies (Chapter 2). These results provided evidence for the ability of the
shotgun proteomics methodology to recover highly hydrophobic IMPs. The ability to detect
rat liver cytochrome p450s, ABC transporters and Slc proteins, provided the rationale for the
use of this shotgun methodology for later comparative biological studies with mouse livers

subjected to tumor-induced inflammation.

6.1.4 Mouse Liver Membrane Profile

After demonstrating the utility of the developed shotgun proteomics methodology for the
analysis of rat liver membrane proteins, the methodology was then used to investigate the
effects of tumor-induced inflammation on the abundance of membrane proteins in mouse
livers. Studies have shown the association of tumor-induced inflammation with altered drug
metabolism and clearance mediated through key membrane proteins such as cytochrome
p450s, ABC transporters and Slc proteins. In earlier studies on rat liver membrane proteins,
the identification and quantification of many Cyps, ABC transporters and Slc proteins
provided the stepping stones to warrant investigation of these proteins in mouse models of
liver protein abundance and tumor-induced inflammation. Therefore, the affects of tumor-
induced inflammation on liver membrane proteins was an ideal study to demonstrate the

application of the developed quantitative shotgun proteomics methodology.

Proteomics analysis of the mouse liver samples demonstrated a broad coverage of the
membrane proteome as determined by the five logjy orders of magnitude in protein

abundance. In total, 1581 proteins were quantified with 80 (28 IMPs) demonstrating a down-

196



regulation in tumor-bearing mice, compared to 150 (74 IMPs) which displayed an up-
regulation in tumor-bearing mice. IMPs with changes in abundance were quantified
throughout the dynamic range of the identified proteome. These results conclude that the
presence of even the most mild of tumors (EHS sarcoma) has a profound affect on the
abundance of proteins, particularly IMPs, in the mouse liver. These results have signifcant
implications in the treatment of cancer with chemotherapeutic agents because the ability to
metabolise and clear these compounds is coupled to their narrow therapeutic index and

therefore, may be the difference between an effective dose and toxicity.

These studies also demonstrate the use of gene ontology annotations and quantification to
determine changes in abundance of different metabolic processes, functions and cellular
locations of proteins. The results concluded that various cellular processes, functions and
cellular components demonstrated changes in abundance. These results detailed changes in
abundance of primary metabolic processes such as protein and nucleotide metabolism. In
addition, ion binding functions including, calcium, copper and zinc binding proteins further
substantiate the ability to use protein quantification as a means to assess the overall

dynamics of cellular processes and protein functions.

Furthermore, the use of IPG-IEF shotgun proteomics in conjunction with label-free
quantification provided the means to measure changes in the relative abundance of IMPs.
These observations and detailed analysis provides evidence that the developed shotgun
proteomics methodology with quantification is an ideal methodology for assessment of
biological questions associated with IMPs. These conclusions can be made from the ability
to detect changes in abundance of proteins with as little as one transmembrane segment to as
many as sixteen transmembrane segments. This is further substantiated by the changes in the
abundance of large hydrophobic IMPs that would otherwise go undetected in techniques

such as 2D gels.
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6.1.5 Tumor-Induced Inflammation and Liver Membrane Proteins

Analysis of the membrane proteome from mouse livers in association with tumor-induced
inflammation concluded that significant changes in abundance of proteins was observed that
were from the same or interconnecting biochemical pathways. For example, proteins
associated with B-oxidation of fatty acids demonstrated that proteins involved in both
peroxisomal and mitochondrial break down of fatty acids were down-regulated in tumor-
bearing mice. In addition proteins involved in the internalisation of fatty acids at the cell
membrane (LACS1) were also down regulated. These findings were then coupled with the
up-regulation of pathways and proteins involved in the re-accumulation of fatty acids in the

liver such as cholesterol biosynthesis used in bile production and the production Apo-Al.

In addition, xenobiotic metabolism and clearance was also altered in tumor-bearing mice.
similar to previous studies. Unlike previous studies the abundance of Cyp3all, a key drug
metabolizing enzyme, was unaltered. However, other Cyp enzymes including 1a2, 2a5 and
2al2 demonstrated a decrease in abundance in tumor-bearing mice. Also important was the
decrease in abundance in tumor-bearing mice of drug transporters such as ABCC2, ABCC3
and ABCG2, which are all important proteins in the internalisation and clearance of drugs
from the liver for secretion. In all, these observations provide evidence for the notion that
tumor-induced inflammation is associated with decreased drug metabolism and clearance,
resulting in a narrow therapeutic index of some anti-cancer agents and therefore, the lack of

safety of these agents.

Some of the most compelling observations in changes in abundance of biochemical

pathways and protein complexes was observed for the up-regulation of both NADH
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dehydrogenase subunit enzymes (Complex I), and glycosylation enzymes. In total, 30
different subunits of NADH dehydrogenase complex were quantified in which 11
demonstrated an up-regulation. Furthermore, 15 different glycosylation enxymes were also
detected and observed to be up-regulated in tumor-bearing mice, which was further
substantiated by the quantification of UDP-conjugated sugar transporters. These results
provide compelling evidence for the utility of the developed shotgun proteomics

methodology in the identification and quantification of liver IMPs.

6.1.6 Final Conclusion

This thesis details the development of a shotgun proteomics methodology using IPG-IEF
separation of peptides as a means to comprehensively analyse the membrane proteome of a
given cell or tissue. The results of these studies show the transition from providing evidence
that the concept is capable of comprehensive membrane protein analysis to improving the
methodology with alternate methods and higher resolution and faster scanning MS. Finally,
to demonstrate the utility of the methodology, the technique was applied to a biological
question of interest involving tumor-induced inflammation and its affects on liver membrane
protein abundance. The developed methodology results in the identification and
quantification of thousands of rat and mouse liver membrane proteins. The application of
this shotgun proteomics technique provided detailed information on the effects of tumor-
induced inflammation on liver membrane proteins. In particular, this study has shown that
mouse livers subjected to tumor-induced inflammation have altered abundance in metabolic
pathways such as fatty acid metabolism, cholesterol biosynthesis, glycosylation, and

xenobiotic clearance and metabolism.
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Appendix 1:

Table 1.1: Cellular location of identified proteins from 0% methanol and 40% methanol assisted
digests analysis by peptide IPG-IEF shotgun proteomics.

Percentage Coverage (Total
Number)
Cellular Location 0% Methanol | 40% Methanol
Unknown 32.35% 31.41%
Cytoplasm 16.22% 20.19%
Mitochondria 14.71% 14.75%
Endoplasmic
Reticulum 9.68% 9.49%
Cell Membrane 9.58% 8.46%
Nucleus 3.98% 3.80%
Secreted/Extracellular 3.89% 3.02%
Microsome 3.23% 2.76%
Micellaneous 2.28% 2.24%
Peroxisome 1.90% 1.98%
Golgi 2.18% 1.90%
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Figure 1.1: Average number of unique peptides for proteins of the transmembrane (Tmem) proteins
family.
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Figure 1.2: Average number of unique peptides for proteins of the electron transport chain. (A) NADH

dehydrogenase (Nduf), (B) Cytochrome C oxidase (Cox), Cyochrome C (Cyc), Ubiquinol-cytochrome C

reductase subunits, (C) ATP synthase subunits.
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Appendix 2:
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Figure 2.1: Isolectric point analysis of peptides identified from fraction 24 from each of the replicate
experiments from narrow range (3.4-4.9) IPG strips. The pl distribution of peptides demonstrates that
peptides were detected with pl values through the pH spectrum. The largest number of peptides was

shown to be detected from pl regions of 4-4.5, 5.5-6 and 8.5-9.
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Figure 2.2: Mass spectra representing the peptide sequences overlapping with the TM segments of P11
protein. The mass spectra above represent the following peptides sequences; (A)
DSGPLVPLHYYGFGYAALVATGGIIGYAK, (B) NVWVFLATSGTLAGIMGMR, (C) FMPAGLI
AGASLLMVAKLGLSMLSSPHP.
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(A)

MEEYAREPCPWRIVDDCGGAFTMGV I GGGVFQAVKGFRNAPVG IRHRFRGS INAVRIRAP
QIGGSFAVWGGLFSTIDCGLVRLRGKEDPWNS I TSGALTGAVLAARSGPLAMVGSAMMGG
ILLALIEGVGILLTRYTAQQFRNAPPFLEDPNQLTPKEGAPAPGYPNYQQYH
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Figure 2.3: (A) Amino acid sequence representing the TM segments (Underlined) and identified peptides
(Red) for the translocase of the in mitochondria 17b protein (TIM17b). (B) The mass spectrum above
represents the following peptide; SGPLAMVGSAMMGGILLALIEGVGILLTR.

218



(A)

MGFEDLLDKVGGFGPFQLRNLVLMALPRMLLPMHFLLPVFMAAVPAHHCALPGAPANLSH

QDLWLEAHLPRETDGSFSSCLRFAYPQTVPNVTLGTEVSNSGEPEGEPLTVPCSQGWEYD

RSEFSSTIATEWDLVCQQRGLNKITSTCFFIGVLVGAVVYGYLSDRFGRRRLLLVAYVSS

LVLGLMSAASINY IMFVVTRTLTGSALAGFT 1 1VLPLELEWLDVEHRTVAGVISTVFWSG

GVLLLALVGYLIRSWRWLLLAATLPCVPGIISIWWPESARWLLTQGRVEEAKKYLLSCA

KLNGRPVGEGSLSQEALNNVVTMERALQRPSYLDLFRTSQLRHISLCCMMVWFGVNFSYY

GLTLDVSGLGLNVYQTQLLFGAVELPSKIMVYFLVRRLGRRLTEAGMLLGAALTEGTSLL

VSLETKSWITALVVVGKAFSEAAFTTAYLFTSELYPTVLRQTGLGLTALMGRLGASLAPL

AALLDGVWLLLPKVAYGGIALVAACTALLLPETKKAQLPET IQDVERKRRKMCRSGTELD
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Figure 2.4: (A) Amino acid sequence representing the TM segments (Underlined) and identified peptides
(Red) for Solute Carrier Family 22 Member 7 (SLC22a7). The mass spectrum above represents the
LLLVAYVSSLVLGLMSAASINYIMFVVTR
RLTEAGMLLGAALTFGTSLLVSLET K.

following

peptide;

(B)

and

©
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(A)

MADLKQLMDNEVLMAFTSYAT I 1 LAKMMFLSSATAFQRLTNKVFANPEDCAGFGKGENAK
KFLRTDEKVERVRRAHLNDLENIVPFLGIGLLYSLSGPDLSTALIHFRIFVGARIYHTIA
YLTPLPQPNRGLAFFVGYGVTLSMAYRLLRSRLYL

i
100 4 1242.4 il
H
| ]
80 »
n
I
B0 1 of.
RI o L] il
40 il a i [}
R ™ il : = .
M ™
20 N | e v o 5 %@E g .
] 8 2 g|gHT¥S3S g|@ - i
=
I DRSS OG-SO L1 il (R T . .
o 300 GO0 00 1500 1800 2100 -0.4 0.4
view: A A error {Da)

Figure 2.5: (A) Amino acid sequence representing the TM segments (Underlined) and identified peptides
(Red) for Microsomal Glutathione S-transferase 1. The mass spectra above represent the following
peptides; (B) QLMDNEVLMAFTSYATIILAK and (C) GLAFFVGYGVTLSMAYRLLR.
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Figure 2.6: Natural log distribution of normalized spectral abundance factors calculated for the 1659

proteins used in the label free quantification from broad and narrow range IPG strips.
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Figure 2.7: Multi-transmembrane segment containing proteins with a significant increase in NSAF
values in NR IPG strips in comparison to BR IPG strips. Proteins are presented in groups depending on
the number of transmembrane segments as follows; 2 TM’s — Tmed2, Cyp3al8, Tmed4, Ninj1, Manlal,

ERGICS3, CD36, ICAML1, Dnd1, Arse; 3 TM’s — Bcap31, Aadac, UPF0476, Txndcl; 4 TM’s — Arl6ip5,
Fads6, STARD3I, ABC B6 (n=3, p<0.05).
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Figure 2.8: Multi-transmembrane segment containing proteins with a significant increase in NSAF
values in NR IPG strips in comparison to BR IPG strips. Proteins are presented in groups depending on
the number of transmembrane segments as follows; 5 TM’s — ABC B10, ABC B3, Yipf3; 6 TM’s —
Ghitm, Tcirpl, Ei24; 7 TM’s — Hcl3, STE24h, SLC39al4, Grp89, Lphn2, Dsm-1, Grpll6; 8 TM’s —
Dgatl, Empl, Atp2cl, Lbr; 9 TM’s — Ustrb5, Wsfl (n=3, p<0.05).
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Figure 2.9: Quantitative analysis of xenobiotic metabolizing enzymes identified from rat liver
membrane proteome using BR (black) and NR (blue) IPG strips. In total, (A) 11 glutathione S-
transferase’s (Gst’s) and (B) 9 UDP-glucrunoyl transferase’s (Ugt’s) were quantified and therefore,

reproducibly identified from the IPG strips.
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Figure 3.1: Sub-classification of proteins from the molecular process of transport into the following

groups; electron, ion and proteins transport. The abundance of each sub-category is calculated from the

accumulation of NSAF scores for the associated proteins for both control and tumor-bearing mice.
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Figure 3.2: Sub-classification of proteins from the molecular function of nucleotide binding into the
following groups; ATP-binding, GTP-binding, FMN-binding and FAD-binding. The abundance of each

sub-category is calculated from the accumulation of NSAF scores for the associated proteins for both

control and tumor-bearing mice.
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Figure 3.3: Sub-classification of proteins from the molecular function of nucleotide binding into the
following groups; acting on acid anhydrides, peptidase activity, acting on ester bonds, serine hydrolase
activity and miscellaneous. The abundance of each sub-category is calculated from the accumulation of

NSAF scores for the associated proteins for both control and tumor-bearing mice.
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Figure 4.1: Comparison of the protein abundance of solute carrier family proteins from control and
tumor-bearing mice. Solute carrier family organic anion transporters (Slco), 1al, 1a4, 2al, 1b2 and 2b1;
anion transporter- Slc22a7; cation transporter — Slc22al18; Bile acid transporters — Slc10al and Slc10a5.
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Figure 4.3: Protein abundance of nicotinamide nucleotide transdehydrogenase (Nntm) in control and
tumor-bearing mice.
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Figure 4.4: Protein abundance of Heme and Iron Cluster Transporters in control and tumor bearing
mice, including; ATP-binding cassette family B isoforms (ABC B) and CDGSH iron sulfur domain 1
(Cisdl) and 2 (Cisd2).
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Supplementary Table 1:

Peptide IPG-IEF Shotqun Protromics Analysis of Methanol Assisted Membrane Protein Digests

% = Percent Protein Coverage
NR = Non-Redundant Peptide Count
Log(E) = X!Tandem Expectation Score

Rep = Replication

0% Methanol

40% Methanol

60% Methanol

Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3

SwissProt/NCBI
Ensemble Accession Accession % NR log(e) % log(e) % NR log(e) % NR log(e) % NR log(el % NR log(e) % NR log(e) % NR log(e) % NR log(e)
ENSRNOP00000000025 XP_342776 8.9 1 -3.7 11 1 -5.6] 15 -12.9
ENSRNOP00000000047 P45380 9.2 3 -32.5 10 4 -27.6] 2.1 -6.4| 2.1 -6.2
ENSRNOP00000000072 P29419 15 1 -4.7| 15 -13.2 15 -6.1] 31 31 31| 55 6 -47.6] 51 -48.4] 37 -12.5
ENSRNOP00000000083 QB6AXN3 6.9 2 -14| 8.8 -26.6] 3.3 1 -3.1 9.8 2 -10.5| 6.9 -13.5
ENSRNOP00000000107 Q9JJ40 4.8 2 -12.8 9 3 -20.1 25 1 -2.9
ENSRNOP00000000134 P29410 24 6 -51.7| 7.9 -10.2| 15 3 -18.9] 18 3 -29.4| 3.8 -3.2| 11 11 11| 19 4 -28.5| 23 -35.2| 16 -21.8
ENSRNOP00000000146 NP_001020169 9 2 -10.2
ENSRNOP00000000177 P17046 1.9 1 -2.9 4.1 -9.3
ENSRNOP00000000178 P07953 33 -4.6
ENSRNOP00000000186 Q9R112 5 1 -4.6| 7.4 -11.5 5 -4.6 4.4 1 -8.1|] 9.4 -12.4| 7.4 -15.5
ENSRNOP00000000201 P97532 4 -3.9
ENSRNOP00000000219 P23711 25 5 -38.9 3.5 1 -53| 7.3 2 -10.2 2.5 -1.9
ENSRNOP00000000246 Q45QJ8 6.3 -8.8 26| 26 26| 5.6 2 -12.5| 5.4 -10.9] 2.6 -3
ENSRNOP00000000246 6.3 -8.8 26| 26 2.6] 5.6 2 -12.5| 5.4 -10.9| 2.6 -3
ENSRNOP00000000306 P32089 19 3 -22.2| 22 -41.5] 16 3 -20] 5.8 2 -9.9] 32 -53.3] 6.8] 6.8 6.8] 25 6 -44.8| 25 -41.5] 8.7 -18.4
ENSRNOPO00000000336 Q9ET64 2.6 -2
ENSRNOP00000000345 XP_228305 1.8 1 -2.1| 1.8 -39] 1.8 1 -3.4] 5.8 4 -27.4] 3.3 -11.4 1.8 1 -3.8] 1.8 -35] 2.6 -12.9
ENSRNOP00000000351 NM_053371 10 1 -1.6 10 -1.5
ENSRNOP00000000434 NP_612539 5.9 1 -3.1 3.5 -4.5
ENSRNOP00000000514 P08649 1.8 1 -2.4 1.8 -2.7
ENSRNOP00000000514 1.8 1 -2.4 1.8 -2.7
ENSRNOP00000000527 P36372 2.3 1 -4.1| 4.6 -9.8| 2.3 1 -5.7 23] 23 23| 23 1 -4.9| 2.3 -3.7
ENSRNOP00000000528 P28064 9.1 2 -14.4 4 1 -3.6 4 1 -2.7 47| 47 47| 13 3 -21.6| 4.7 -6
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ENSRNOP00000000532 P28077 5 5 5 5 1 -4.4
ENSRNOP00000000537 NP_997693 0.6 1 -1.8
ENSRNOP00000000541 NP_001008885 5.3 1 -5.6] 5.3 1 -3.7 53| 53 53| 53 1 -3.2

ENSRNOP00000000542 NP_997694 5.4 1 -2.4

ENSRNOP00000000631 Q6P6G2 3.4 1 -4.5 3.4 1 -2.2 3.4 1 -2.8

ENSRNOP00000000662 XP_215413 10 1 -6.7] 10 10 10| 10 1 -5.4 10 1 -5
ENSRNOP00000000673 NP_001007740 5.1 1 -3.1 5.1 1 -2.9 51 51 51| 10 2 -10.3 5.6 1 -7.5
ENSRNOP00000000674 Q499R7 8.9 2 -11.8| 54| 54 5.4

ENSRNOP00000000686 Q8CHN6 4.8 3 -22.2| 2.5 1 -4.6| 2.5 1 -6 7 3 -19.8 25| 25 25| 5.2 2 -13] 5.2 2 -11.4] 5.2 2 -10.2
ENSRNOP00000000687 P61459 8.7 1 -2.3 12 1 -2.3 8.7 1 -3.5
ENSRNOP00000000696 P10960 3.2 2 -11.7] 1.6] 1.6 1.6

ENSRNOP00000000749 XP_215378 31 3 -27.1 24 2 -14.6] 20 2 -18.4| 25 3 -35.8| 24 24 24| 50 4 -37.1| 7.4 1 -3.2| 24 2 -16.6
ENSRNOP00000000990 NP_075210 4.6 1 -4.5

ENSRNOP00000001014 Q920M2 13 2 -8.9

ENSRNOP00000001048 NP_001028828 4.6 1 -5.3 5.8 2 -16.2

ENSRNOP00000001079 P55051 6.1 1 -1.7
ENSRNOP00000001092 XP_228197 0.7 1 -2.4

ENSRNOP00000001095 P69897 26 8 -68.1|11.5 3 -28.8 40 11 -102| 51 19 -187| 34 34 34| 25 10 -94| 27 10 -100| 27 10 -95.2
ENSRNOP00000001098 Q9Z1E1 1.6 1 -2
ENSRNOP00000001154 NM_001025663 2.8 1 -1.9

ENSRNOP00000001160 Q04462 5.5 2 -30.8

ENSRNOP00000001200 Q3KR92 5 1 -6.3 5 1 -6
ENSRNOP00000001211 P20673 6.2 2 -18.1 4.1 1 -11.4 12 5 -44.8| 6.2 6.2 6.2| 6.2 2 -17.5| 8.4 2 -24.8| 6.4 3 -23.8
ENSRNOP00000001285 Q64581 18 6 -66| 14 6 -43.9| 21 9 -84.9] 10 4 -35.6] 2.8 1 -8.7 26 9 -106| 35 9 -93.7| 10 4 -30.7
ENSRNOP00000001291 P05183 29 18 -169| 28 18 -172| 31 19 -175] 24 11 -94.5| 16 4 -55.5| 13 13 13| 34 17 -187] 27 16 -155| 14 6 -55.2
ENSRNOP00000001299 P97943 0 1 -4 2.2 1 -2.6
ENSRNOP00000001379 NM_001037348 5.9 1 -2.7

ENSRNOP00000001397 Q63524 13 2 -14| 13 2 -143| 17 3 -26.4 4 1 -2.4| 95 2 -17.7

ENSRNOP00000001432 NP_001020801 1.7 1 -4.4

ENSRNOP00000001500 P31044 6 1 -1.9 19 2 -14.9 6.4 1 -4.9
ENSRNOP00000001517 XP_001080241 0.8 1 -5 12| 1.2 1.2

ENSRNOP00000001545 P10818 42 6 -45.1

ENSRNOP00000001556 P15651 11 2 -16.7 4.1 1 -2.3| 2.7 1 -3.8
ENSRNOP00000001609 P56571 9 1 -1.9 9 1 -4.3 9 1 -3.8 9 1 -4.5| 3.4 1 -2.8| 12 12 12 9 1 -2.8
ENSRNOP00000001666 Q01579 8.3 1 -2.3 83| 83 8.3| 8.3 1 -5.8

ENSRNOP00000001689 Q4G061 13 1 -4.7
ENSRNOP00000001699 088618 15 5 -39.6 7.9 3 -19 7 3 -17.71 17 7 -58.1| 11 11 11| 16 3 -40.8| 4.6 3 -16.6| 5.5 3 -21.5
ENSRNOP00000001708 P48450 6.5 3 -37.2 5 3 -20.3|] 3.8 2 -8.7] 1.5 1 -3.6
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ENSRNOP00000001715 XP_215376 1.1 1 -2.5

ENSRNOP00000001738 P11507 11 9 -76.7 9.8 8 -72.9] 8.3 7 -68.9] 3.6 3 -20.2| 13 13 13| 11 9 -80.2| 15 13 -114| 10 10 -89.3
ENSRNOP00000001752 P51577 3.1 1 -2.4

ENSRNOP00000001809 P32755 12 4 -25.5 17 17 17

ENSRNOP00000001816 P11884 20 10 -99.1| 18 11 -118] 19 11 -94] 15 5 -47.2| 14 6 -64.5| 18 18 18| 18 7 -75.4] 23 9 -89.6| 13 6 -59.4
ENSRNOP00000001863 P51538 2.6 1 -5.9
ENSRNOP00000001876 P09367

ENSRNOP00000001899 XP_341048 2.6 1 -4.3 2.6 1 -3.4

ENSRNOP00000001905 XP_222022 5.1 3 -26.6| 1.3 1 -2.6| 1.5 1 -4 1.5 1 -4.6| 3.3 2 -24.7) 3.1] 3.1 3.1| 85 5 -40] 2.9 2 -21.8 3 2 -10.1
ENSRNOP00000001924 P84817 7.9 1 -3.9 10 1 -1.7 33 3 -20!
ENSRNOP00000001928 P53565 4.4 2 -8.1

ENSRNOP00000001958 P04636 12 2 -19.4 8 4 -38.2| 11 4 -30.6] 12 2 -24.8 8 2 -16.4 8 8 8| 14 3 -28| 19 3 -42.1| 17 5 -47.1
ENSRNOP00000001961 P00388 25 15 -133| 16 12 -102| 23 13 -109] 18 11 -102| 19 13 -140| 25 25 25| 28 17 -182| 26 16 -168| 18 10 -92.9
ENSRNOP00000002037 P18421 16 3 -21.5| 29 6 -50.9| 14 4 -27.4] 5.4 1 -3.3] 15 1 -17| 17 17 171 25 7 -52| 32 6 -55
ENSRNOP00000002116 P21571 24 3 -22.5| 28 3 -16.2| 18 1 -5.5| 20 1 -3.3 20 20 20| 42 3 -25.1

ENSRNOP00000002134 NP_001008287 3 1 -2.4 8 1 -2.2 8 1 -3.4
ENSRNOP00000002169 XP_213673 1.8 1 -3.7

ENSRNOP00000002194 P83732 3 1 -6.2| 7.7 1 -3 7.7 1 -8| 7.7 1 -6.3 771 7.7 7.7 7.7 1 -1.8| 7.7 1 -6.2| 7.7 1 -5
ENSRNOP00000002209 NM_199391 1.4 1 -2.3 2.3 1 -2.2 1.9 1 -1.9
ENSRNOP00000002214 0 1 -2.9
ENSRNOP00000002238 NP_997684 3.4 2 -12| 2.5 2 -16.5| 1.6 1 -42| 1.6 1 -2.8] 4.3 2 -21.3] 1.6] 16 1.6 3 2 -10.8 7 3 -18.4| 1.6 1 -1.9
ENSRNOP00000002255 P61943 4.8 1 -3.8

ENSRNOP00000002257 NP_001032172 5.2 2 -11 2.7 1 -1.8 5.9 2 -10.4| 2.7 1 -3.1] 2.7 1 -2.2
ENSRNOP00000002316 Q9QYMO 0.6 1 -1.7 0.6 1 -1.7
ENSRNOP00000002343 NP_598269 2.3 2 -8.6 1.1 1 -4 0.6 1 -2.3 2.7 2 -9.3
ENSRNOP00000002366 P29147 14 5 -39] 6.4 3 -22.4| 6.4 3 -19] 9.3 3 -20.3|] 16 5 -40.2| 16 16 16| 16 6 -48.3| 12 4 -27.2| 9.3 4 -30.3
ENSRNOP00000002407 Q99376 15 4 -35.6] 3.5 2 -12.1
ENSRNOP00000002410 P07896 6.2 3 -20.4| 6.4 3 -26.7| 5.8 4 -37.9| 6.8 3 -33.3| 7.1 4 -26.5| 8.4 8.4 8.4 9.1 5 -41.9] 4.3 2 -16.9| 7.2 3 -38.1
ENSRNOP00000002450 NP_001020573 2.7 1 -6.8
ENSRNOP00000002484 NP_001008336 3 1 -2.9 3.4 1 -2.3

ENSRNOP00000002499 P13721 9.4 3 -21.4| 6.2 2 -13.9| 6.2 2 -12.5| 9.7 3 -25.7 37| 37 3.7| 6.2 2 -14.2| 12 2 -21.7
ENSRNOP00000002540 XP_001064198 9.4 1 -6.2

ENSRNOP00000002549 NP_071637 1.6 1 -2.2

ENSRNOP00000002576 XP_001058756 2.5 1 -2.2 9.2 4 -34.3 25| 25 25| 25 1 -3.9| 25 1 -4.7
ENSRNOP00000002680 P49890 13 3 -16.7| 7.5 2 -9.7] 13 3 -17.5 5.1 1 -7.6] 6.1 6.1 6.1| 16 4 -32.5| 7.8 2 -12
ENSRNOP00000002687 P97829 4.4 1 -4.2

ENSRNOP00000002699 P52847 5.4 2 -11.8 6.7 2 -9.9| 9.4 3 -17.7] 9.4 9.4 94| 12 3 -20.1] 6.7 2 -10.6| 6.7 2 -11.2
ENSRNOP00000002704 P36510 7.4 4 -38
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ENSRNOP00000002705 XP_223289 8.6 5 -39.1| 3.4 3 -16.6 8 5 -42.9| 10 5 -43.6| 7.8 5 -39.6| 6.7| 6.7 6.7 7.5 5 -36.4 9 7 -59| 10 5 -39.1
ENSRNOP00000002712 P36511 23 18 -182| 21 13 -116| 28 17 -178| 18 8 -76| 17 10 -146| 19 19 19| 26 16 -218| 27 17 -189| 18 9 -81.5
ENSRNOP00000002716 Q62789 7 5 -36.6

ENSRNOP00000002724 P09875 20 10 -118| 14 9 -60.5|] 20 12 -116| 27 11 -93.9] 29 10 -112| 26 26 26| 18 8 -123| 18 9 -81.1| 17 7 -72.1
ENSRNOP00000002727 XP_001060277 2.3 1 -2.3] 2.6 1 -7.5

ENSRNOP00000002727 P07895 2.3 1 -2.3| 2.6 1 -7.5

ENSRNOP00000002732 Q06647 14 2 -15.3 7.5 1 -7.1] 41 8 -70.3] 29 7 -62.8| 46 46 46| 7.5 1 -8.9| 18 3 -38.7| 45 8 -75.4
ENSRNOP00000002738 035112 3.6 1 -3.7 1.7 1 -3.9| 1.7 1 -4.2
ENSRNOP00000002991 XP_214027 78| 7.8 78| 21 2 -12.3 7.8 1 -7.6
ENSRNOP00000002996 NP_001013896 17 3 -22.4 8.1 2 -10.5| 6.9 1 -5.7 18 3 -23.6] 15 3 -26.7| 13 3 -18.4
ENSRNOP00000003004 Q6AYS8 17 5 -45.3 17 7 -65.9] 23 4 -42.8| 36 5 -66.7| 28 28 28| 28 7 -75.8| 17 7 -68.8] 15 4 -30.6
ENSRNOP00000003020 Q5FVN1L 11 2 -18.7| 23 5 -33.1 5.7 2 -10] 11 2 -22.4| 5.7 5.7 57| 5.7 2 -10.1] 8.1 3 -22.4| 5.4 2 -10.1
ENSRNOP00000003022 P35171 53 3 -19.8| 11 2 -9.3] 25 3 -16.6| 15 1 -4.3] 25 2 -13.4| 25 25 25| 25 2 -12.4] 25 2 -13| 25 2 -10
ENSRNOP00000003052 P27615 2.1 1 -2.6 2.3 1 -4.5

ENSRNOP00000003072 NP_148981 2.8 1 -4.2 36 2 -9

ENSRNOP00000003128 Q9Z142 0 1 -7.2] 16 3 -21.4| 35| 35 3.5| 45 1 -7.8] 11 2 -22.8| 45 1 -5.6
ENSRNOP00000003255 NP_620240 0.4 1 -2.8

ENSRNOP00000003334 P63245 3.8 1 -2.5
ENSRNOP00000003390 P16617 2.4 1 -3] 2.4 1 -3.6 3.8 1 -2.8| 3.4 1 -4.5 9.6 3 -25.1| 3.8 1 -3.8] 9.6 2 -16.1
ENSRNOP00000003436 035777 7.8 3 -19.8| 2.4 1 -2.4| 4.8 2 -8.7 6 2 -8.5| 5.1 2 -9.8 2.7 1 -2.8| 5.4 2 -12.3| 5.1 2 -10.7
ENSRNOP00000003476 NP_001037702 8.8 1 -3.6

ENSRNOP00000003494 XP_228551 1.1 1 -2
ENSRNOP00000003514 Q9IWU49 10 1 -1.8
ENSRNOP00000003611 P19804 11 1 -34| 11 1 -2.4 19 2 -10.9] 11 1 -2 9 1 -2.8
ENSRNOP00000003633 P50554 6.4 2 -12.8 6 2 -10.6| 6.4 2 -15.3 28| 28 2.8 4.2 1 -3.4
ENSRNOP00000003645 NP_001012145 4 1 -7.1 9.9 3 -19.2 8.5 2 -16.2| 25| 25 25| 6.5 2 -13| 6.5 2 -12.2
ENSRNOP00000003658 Q05982 31 3 -17.9

ENSRNOP00000003674 NP_001032415 6.5 2 -12| 26 2 -12.1| 26 2 -12.3] 28 2 -9.3| 26 2 -12.2| 27 27 27| 33 3 -21| 26 3 -20.1
ENSRNOP00000003691 070199 3.2 1 -5.6| 5.7 2 -13.8| 3.2 1 -4] 4.3 2 -10.7| 8.1 3 -24.2| 5.7| 5.7 57| 3.2 1 -5.8] 4.9 2 -12.4| 2.4 1 -3.3
ENSRNOP00000003739 Q704E8 6 3 -19.4| 6.4 2 -10.8| 8.9 4 -29.7) 1.7 1 -2.6| 1.7 1 -5.5] 29| 2.9 29| 7.2 5 -39] 6.5 2 -13.8 6 4 -26.8
ENSRNOP00000003791 Q6AY30 22 5 -56.1| 9.1 5 -34] 8.9 2 -11.8] 3.5 1 -3.7 35| 35 35| 17 4 -30.5| 20 5 -35.4| 7.5 3 -17.8
ENSRNOP00000003812 Q62904 9.5 2 -11.3 10 2 -10.8 3.3 1 -6.5 3 3 3| 6.8 2 -12.4] 7.1 -17.1] 3.3 1 -3.1
ENSRNOP00000003869 Q07652 0.4 1 -2.6 0.4 1 -2.7
ENSRNOP00000003910 P21396 21 8 -82.4| 7.8 4 -30.8| 18 8 -70.9] 14 5 -40.4| 15 5 -50.5| 15 15 15| 14 5 -47.6] 12 5 -43.6] 22 9 -72.7
ENSRNOP00000003921 P02770 9 8 -81.4| 9.5 9 -70.6| 9.9 6 -47.4] 2.1 1 -6.4| 13 6 -65| 20 20 20| 13 9 -74.71 11 6 -50.6| 7.2 4 -33.3
ENSRNOP00000003932 P07340 7.8 1 -4.2| 3.3 2 -11.5 6.5 2 -11] 6.5 2 -11.5 3.3 1 -4.4| 3.3 1 -2.5| 3.3 1 -3
ENSRNOP00000003965 P10719 15 6 -53| 2.1 1 -22| 74 3 -18.8] 37 15 -142| 24 11 -116| 35 35 35| 8.9 3 -25.5| 8.7 3 -19.6| 34 14 -147
ENSRNOP00000004091 P18418 3.4 1 -1.9] 2.6 1 -5.7 29| 29 2.9 2.6 1 -4.2

233




ENSRNOP00000004121 Q64244 2.6 1 -3.7

ENSRNOP00000004174 P04276 13 1 -2.5 4.4 1 -3.9

ENSRNOP00000004206 P38718 10 1 -3.2| 11 1 -3.1 24 2 -11.4| 10 1 -2.7
ENSRNOP00000004213 XR_008312 10 10 10 10 1 -1.7
ENSRNOP00000004228 NP_001005534 4.1 1 -2.9 13 2 -10.6 6 1 -3.3
ENSRNOP00000004278 P62703 14 1 -5.4 16 4 -29.3| 3.1 1 -3.7] 22 22 22| 8.4 3 -20.5|] 9.2 2 -11.3
ENSRNOP00000004351 Q9JJ19 3.7 1 -7.8 3.7 1 -5.5 6.2 2 -11.4
ENSRNOP00000004359 NP_446091 5.4 1 -1.8

ENSRNOP00000004384 XP_340740 11 1 -4

ENSRNOP00000004385 P11348 6.2 1 -4.8] 6.2| 6.2 6.2 9.5 1 -3.5| 6.2 1 -2.3
ENSRNOP00000004494 XP_343783 1.6 1 -3.2 1.6 1 -3.5 1.9 1 -3 1.6 1 -2.9] 3.9 2 -10.1
ENSRNOP00000004520 NP_112330 4.3 2 -11.2

ENSRNOP00000004570 XP_344745 2.5 1 -5.2 2.5 1 -2.4| 2.5 1 -4
ENSRNOP00000004599 Q8K4B7 8.2 3 -26.1
ENSRNOP00000004662 P04638 7.8 1 -1.8

ENSRNOP00000004673 Q499N5 3.9 1 -6.3] 3.9 3.9 3.9

ENSRNOP00000004673 Q499N5 3.9 1 -6.3] 3.9] 3.9 3.9

ENSRNOP00000004686 P00481 5.4 2 -13.9| 11 3 -20.8| 11 4 -26.9] 2.3 1 -2.9| 5.4 2 -9.7] 26 26 26| 23 6 -42.3| 8.2 3 -18.9| 8.8 3 -18.1
ENSRNOP00000004797 NP_001007005 8.9 3 -25] 10 3 -23.2|14.3 5 -42.7| 31 11 -116| 36 36 36| 25 9 -83.8] 18 6 -52.6| 17 6 -51.4
ENSRNOP00000004798 XP_573571 23 4 -53.6] 22 5 -35.4| 31 7 -65.2| 32 4 -31.8 32 32 32| 32 4 -40.9] 32 4 -35.8| 16 2 -20.9
ENSRNOP00000004799 P35704 8.1 1 -4 81| 81 8.1

ENSRNOP00000004810 Q6XUX2 3 2 -7.5

ENSRNOP00000004836 P31399 28 8 -62.1| 40 6 -45.2| 11 2 -10.8] 35 5 -37.4] 56 8 -64.2| 24 24 24| 49 11 -81.2| 47 6 -52.1| 18 2 -12.6
ENSRNOP00000004836 28 8 -62.1| 40 6 -45.2| 11 2 -10.8] 35 5 -37.4] 56 8 -64.2| 24 24 24| 49 11 -81.2| 47 6 -52.1| 18 2 -12.6
ENSRNOP00000004864 Q9EQ76 25 15 -150| 18 13 -118| 25 17 -164] 20 10 -107| 24 10 -112| 20 20 20| 33 15 -164] 33 15 -163| 17 7 -102
ENSRNOP00000004878 NP_001012025 6.9 2 -13.7 6.9 1 -5.2 9.5 3 -20.1 0 1 -2.9| 1.6 1 -4.5
ENSRNOP00000004895 NM_001077585 8.2 1 -3.6 8.2 1 -2.3] 8.2 1 -4.8| 8.2 1 -2.6
ENSRNOP00000004900 P04633 2.6 1 -2.1

ENSRNOP00000004917 P14408 6.1 2 -17.4| 3.4 1 -4.8] 5.9 2 -20.1] 2.8 -3.4| 3.4 1 -5.1] 9.9] 9.9 9.9 5.5 2 -16.5| 3.4 1 -7.9
ENSRNOP00000004941 Q5RJR8 6.8 4 -33.3 11 3 -21.5| 11 3 -16.7| 12 12 12| 15 6 -48.1] 10 4 -34.2| 16 4 -32.8
ENSRNOP00000004942 XP_001054517 4 1 -3.7 4 1 -3.1 4 2 -10.6| 55| 55 5.5 4 2 -11| 8.8 2 -9.4
ENSRNOP00000004942 4 1 -3.7 4 1 -3.1 4 2 -10.6|] 55| 55 5.5 4 2 -11] 8.8 2 -9.4
ENSRNOP00000004979 P08033 4.9 2 -10.3 4.9 1 -4.7
ENSRNOP00000004991 P10536 23.9 4 -27.1| 18 5 -34.8| 7.5 1 -11.9]16.4 3 -21.2 8 -16.3| 23 23 23| 15 2 -29.3] 20 3 -27.9
ENSRNOP00000005005 088867 10 4 -36.1| 13 6 -45] 18 10 -80.6| 19 7 -54] 7.9 3 -28.7| 15 15 15| 11 4 -52.6| 16 7 -61.2| 7.1 3 -16.3
ENSRNOP00000005014 NP_445964 4.4 1 -2.6 4.4 1 -3

ENSRNOP00000005046 035165 15 2 -16.2| 4.7 1 -2.4| 12 2 -11.3) 7.1 1 -3.2| 7.1 1 -7 7.1 7.1 71| 12 2 -9.3] 16 2 -23.6| 4.7 1 -2.1
ENSRNOP00000005144 P97700 15 5 -38.5|] 9.9 3 -18.8| 17 7 -55.4| 21 4 -30] 11 3 -23.1 7 7 7| 20 6 -49.1| 12 5 -33.2| 18 5 -42.5
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ENSRNOP00000005262 Q9JHW1 0.7 1 -5 0.7 1 -3.2
ENSRNOP00000005273 QIDC16 15 4 -31.4 8 1 -4.3| 11 2 -10.5 8 1 -5.4 13 13 13| 19 5 -34.1] 13 2 -16.9
ENSRNOP00000005280 Q5PQX1 3 1 -2

ENSRNOP00000005370 P62963 5.8 1 -6.3 20 2 -11.1) 11 1 -3.5 11 11 11| 9.3 1 -2.1| 20 2 -10.5| 11 -5.6
ENSRNOP00000005459 Q5I0K9 13 2 -13.1| 8.3 2 -13.9] 8.3 3 -26.5| 13 2 -11.2| 25 4 -58| 21 21 21| 18 4 -27.6| 8.3 1 -4.4
ENSRNOP00000005471 P62832 10 10 10 10 1 -5.7] 10 -6.4
ENSRNOP00000005491 P11505 1.8 2 -8.6
ENSRNOP00000005596 QOWTQ1 3 2 -8.8

ENSRNOP00000005611 Q9JLI3 7.7 4 -30.7| 7.9 3 -19.4 12 5 -38.7| 17 6 -63.6] 13 7 -63.3| 26 26 26| 7.1 3 -25] 12 4 -42.9| 13 -53.4
ENSRNOP00000005661 NP_001013882 7.7 1 -3.3

ENSRNOP00000005665 XM_221100 5.6 1 -6.8| 5.6 1 -4.1 9 2 -8.7| 5.6 1 -2.7 5.6 1 -2| 5.6 -3.8
ENSRNOP00000005702 Q6P791 7.5 1 -2.9 7.5 1 -2.2

ENSRNOP00000005844 P04176 4.6 2 -14.3 4.6 2 -9.4 4.6 2 -115) 7.7 7.7 77| 2.4 1 -2| 4.6 2 -14.2| 2.4 -2.2
ENSRNOP00000005853 P15083 19 1 -5.2| 4.2 3 -16.9] 1.5 1 -3.6] 2.8 2 -10 25 1 -2 1.1 1 -4.2| 5.1 -22.5
ENSRNOP00000005875 P55006 38 15 -153| 21 12 -108| 37 11 -105] 30 9 -69.3| 34 11 -130| 37 37 37|33.7 17 -205| 43 15 -163| 39 -74.1
ENSRNOP00000005901 XP_230889 22 -17 12 2 -9.7 7 1 -4
ENSRNOP00000005912 Q6TXI6 15 3 -27| 16 5 -37.7 3 3 3 13 4 -31.5
ENSRNOP00000005960 P62919 5.8 1 -7.8] 13 2 -10.3 14 3 -20.7| 3.9 1 -6.2| 28 28 28| 5.8 2 -15.7] 9.7 2 -245| 14 -17.8
ENSRNOP00000005970 XP_216635 11 1 -6.5 11 11 11

ENSRNOP00000005990 Q9Z1P2 12 1 -3.1 2.5 2 -13.2 12 1 -2.6

ENSRNOP00000006004 Q63150 2.1 1 -4.3] 1.9 1 -2.2 3.3 1 -2.7| 4.8 2 -9.5
ENSRNOP00000006020 XP_576003 4.8 -3.1
ENSRNOP00000006053 XP_573640 2.7 1 -2.6 6 2 -8.9 2.7 1 -2.1| 2.7 1 -2.3 12 4 -26.6 4.5 -8.6
ENSRNOP00000006083 Q97250 6.5 1 -1.6

ENSRNOP00000006087 NP_113695 4.4 5 -40.7 3.6 3 -17.3] 3.6 3 -18.1] 1.5 1 -2.4| 1.7 17 17| 45 5 -39.9| 2.8 4 -28| 0.8 -1.7
ENSRNOP00000006119 Q9Z1X1 5.1 4 -31| 3.4 2 -11.9] 55 3 -21.9] 55 3 -27.6] 2.1 1 -4.21 21| 21 21| 6.3 5 -40| 5.5 3 -24.3 2 -11.8
ENSRNOP00000006143 Q80270 4.8 2 -31.7| 2.7 1 -6.9| 2.7 2 -16.5| 2.7 1 -6.9 27| 27 27| 48 2 -15| 14 3 -33.8
ENSRNOP00000006154 XP_213949 19 1 -2.9 19 1 -2.3
ENSRNOP00000006160 NP_001006961 7.2 1 -7.41 19 2 -13.6] 19 2 -13.9] 11 1 -3.7] 19 2 -10.5 7.2 1 -6.7| 13 -12.9
ENSRNOP00000006314 XP_213214 21 2| 21 1 -4.5| 21 1 -3.7] 32 1 -43| 21 1 -2.8| 21 21 21 21 1 -34| 21 -5.1] 12 -3.6
ENSRNOP00000006322 P68370 21 8 -90.4

ENSRNOP00000006330 XP_230613 3.5 1 -6.4 3 1 -2.4| 3.8 -2.3
ENSRNOP00000006335 P51871 1.7 1 -2.8 2 1 -11] 3.5 2 -12.3

ENSRNOP00000006355 P62332 5.1 1 -2.6] 11 1 -4.9| 11 11 11 17 -21.1
ENSRNOP00000006359 P84100 8.7 1 -11| 12 2 -16.7| 8.2 1 -6.4| 8.2 1 -8.5| 8.2 1 -59| 34| 34 34| 12 2 -18.4| 12 2 -15.3] 13 -23.1
ENSRNOP00000006369 XP_347237 2.1 1 -56.3| 3.7 2 -18.1] 2.1 1 -7 2.1 2.1 21| 6.9 3 -17.4 3.7 -13.6
ENSRNOP00000006443 Q9JK11 2.4 2 -16.1 2.2 2 -12.6 1 1 -4.6
ENSRNOP00000006473 XP_234264 3.5 1 -4.7
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ENSRNOP00000006483 P84082 35 35 35

ENSRNOP00000006533 P33274 15 -77.3| 6.1 4 -29.2| 21 8 -68.6] 14 6 -57.4] 23 8 -83.3| 13 13 13| 19 8 -106| 18 8 -80| 15 7 -52.6
ENSRNOP0000000