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Abstract

In quantitative proteomics, many of the LC-MS based approaches employ stable
isotopic labelling to provide relative quantitation of the proteome in different cell states.
In a typical approach, peptides are first detected and identified by tandem MS scans prior
to quantifying proteins. This provides the researcher with a large amount of data that are
not useful for quantitation. It is desirable to improve the throughput of current
approaches to make proteomics a more routine experiment with an enhanced capacity to
detect differentially expressed proteins. This thesis reports the developments towards this
goal, including an assessment of the viability of stable dimethyl labelling for comparative
proteomic measurements and the evaluation of a dynamic algorithm called Parallel
Isotopic Tag Screening (PITS) for the detection of isotopically labelled peptides for
quantitative proteomics without the use of tandem MS scans.

xi
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Chapter 1

Introduction

1.1 Overview

Over the past decade, research in proteomics has emerged as a major field of
study in analytical chemistry, driven by the demands of systems biology and health
research. Proteomics has the potential to provide a massive amount of biological
information because proteins are involved in virtually all biological activities in various
capacities, and elucidating these roles can add to the understanding of biological systems.
Presently, a number of international research journals are published exclusively to cover
proteomic studies, including Proteomics, Molecular Cellular Proteomics, and Journal of
Proteomic Research. Mass spectrometry (MS) has become a crucial component in
proteomics because of its speed, selectivity, and sensitivity in the detection and
identification of proteins [1-2]. Given the complexity of the proteome, a considerable
amount of sample preparation, including sample purification, digestion, and several
stages of separation, is typically required before proteins can be indentified through MS
analysis. Unfortunately, despite its potential, practical results from proteomics have been
slow to emerge due to the complexity of the biological systems under study [3]. There is
a need to improve the current proteomic tools and strategies. A major motivation for this
is the research being done in the field of protein biomarker discovery [3-4]. The need is
apparent when taking into account the throughput of modern proteomic experiments,
shorter analysis time compared to existing strategies is essential to making proteomics a

routine experiment, especially in the situation of protein biomarker discovery.



This introductory chapter will focus on the objectives and challenges of
quantitative proteomics in the context of understanding biological systems. An overview
of current proteomic methods is presented, with a particular attention to MS-based

methods.

1.2 Proteomics

Proteomics is the study of the proteome [5], introduced by Anderson and
Anderson in 1998. The term ‘proteome’ comes from PROTEins being expressed by the
geOME and was coined by Marc Wilkins in 1994 [6-7]. Wilkins defined proteomics as
“the study of proteins, how they’re modified, when and where they’re expressed, how
they’re involved in metabolic pathways and how they interact with one another”.
Proteomics has expanded very quickly. The first publication related to proteomics
appeared in 1995 [8], and in 2011 there were approximately 3,600 publications related to
proteomics. The proteome contains a broad variety of unique proteins ranging in
physical and chemical properties, present over a wide concentration range [9]. A typical
proteome can contain millions of unique proteins. For example, in humans, taking into
account a large number of possible post-translational modifications (PTMs) [10], the

number of unique proteins has been estimated to be in the millions [11].

In 2001, the human genome project was completed and sequenced approximately
39,000 genes [12]. The principle objective of human functional genomics is now to
assign function to all of these genes. Gene function is derived from the protein product it
encodes. Proteins define the functional output of the cell, and therefore would be able to

provide relevant information, particularly when considering that their presence takes into



account any specific biological/environmental factors in the cell (i.e. stress, drug
administration, disease). A strong gene expression, resulting in abundant mRNA
transcribed from the DNA, does not necessarily mean that the respective protein
translated from the mRNA is also abundant or indeed active in the cell [13]. Substantial
modifications can also be introduced during or after translation, (i.e. glycosylation,
phosphorylation) leading to several protein products from a single gene. For example,
this number is typically one or two in bacteria, two or three in yeast, and three to six in
humans [14]. Ultimately studying the proteins rather than the genes is more promising to

achieve pertinent information.

1.3  Objectives of Proteomics

The ultimate objective of proteomics is the rapid identification and quantitation of
all of the proteins expressed by a cell or tissue, an objective that has yet to be achieved
for any species. This is due to the complexity of the proteome, although improvements in
instrumentation (e.g. separation techniques and mass spectrometry) allow for more
proteins to be identified by mass spectrometry each year [15-16]. There are many diverse
areas of proteomics research, some of these focus on understanding the different
properties of proteins, protein structure [17-19], protein-protein interaction [20-22], and
protein modification [10, 23, 24], in many cases however it is necessary to quantify the
amount of proteins present in different cell states and this is the focus of this research.
One major goal of studying these properties is to provide appropriate information to
medical doctors about human diseases (e.g. various types of cancer), with a purpose of

developing refined protocols for disease diagnosis and treatment.



Many different technologies have been and are still being developed to collect the
information about the properties of proteins. Two characteristics of these proteomic
technologies are immediately apparent: first, there is no single technology platform that
can satisfy all of the desired proteomic measurements, and second, there is no mature,
‘true’ proteomic technology as yet. The primary focus of this thesis is quantitative
proteomics and the ability to identify protein biomarkers. There are a number of
prominent MS-based proteomic approaches widely used but in this thesis only two will
be focused on, one involving two dimensional polyacrylamide gel electrophoresis (2D-
PAGE) [25-27] and the other using reversed phase liquid chromatography (RPLC) [28-

29]. Section 1.4 will discuss these two approaches.

1.4 MS-based Proteomics

In the context of proteomic analysis, the approach can be described in terms of the
experimental techniques and instruments used to extract information from the proteomic
experiment. In quantitative proteomics, the proteome of two cell states under different
conditions are analyzed. In general, these states can be referred to as the reference (e.g.
healthy) and test (e.g. diseased) states of the cells of an organism. The objective of the
experiment is to quantify the relative change in protein expression in the two different
cell states. The two MS-based approaches commonly used in quantitative proteomics to
achieve this objective involve similar experimental techniques and instruments at
different positions in the experiment. In this work, Approach A is the 2D-PAGE based
approach and Approach B is the LC-MS based approach. An enzymatic digestion is
completed in both approaches prior to (Approach B) or after (Approach A) a separation
of proteins (Approach A) or peptides (Approach B). Comparison of peptides or proteins

4



is done via staining of gels (Approach A) or isotopic labelling techniques (Approach B).

The final step in both approaches is to use mass spectrometry for quantitation and

Approach A Approach B
Reference Test Reference Test
2D-PAGE 2D-PAGE
l l Digest Digest
Visualization
' ' v v
Protein Extraction Light Heavy
and In-gel Digestion Label Label
Targeted Peptides
r | LC-MS
3 MS
5
= v |
% Identify Peptides Identify Peptides
> (MS/MS) (MS/MS)
|_
5 } |
w Quantify Peptides Quantify Peptides
2 (MS) (MS)
\ Find Differential Find Differential
Protein Expression Protein Expression

Figure 1.1 Visual representation of the two common MS-based quantitative proteomics
approaches.



identification of proteins. Figure 1.1 shows a visual representation of the two common

quantitative proteomics approaches.

Approach A employs 2D-PAGE to separate proteins from the two different cell
states (reference versus test). Proteins are separated on the basis of charge in the first
dimension and molecular mass in the second. The separation of charge is done through
isoelectric focusing [25-27]. Isoelectric focusing allows proteins to be separated and
focused on an immobized pH gradient gel strip by their isoelectric point. The separation
by molecular mass in the second dimension is achieved by attaching negative sodium
dodecyl sulfate (SDS) molecules to proteins which allows them to migrate dependent on
molecular mass [30-31]. The SDS molecules are negatively charged, resulting in proteins
having approximately the same mass-to-charge (m/z) ratios [32]. This is because the
length of an unfolded protein is approximately proportional to its molecular weight. The
completed gels for both cell states are then stained (e.g. Coomassie staining [33]), and
visually compared. Proteins which are only present in one of the gels are cut out and
individually digested in-gel to be analyzed by the mass spectrometer. In this work, the

proteins which are cut out of the gels are called the targeted proteins.

In Approach B, proteins from the two cell states are enzymatically digested prior
to separation by RPLC. To distinguish the resulting peptides from each state, peptides
are isotopically labeled. In this technique, peptides from different cell states are labeled
using compounds with nearly identical chemical properties but different stable isotope
compositions, resulting in different masses that can be detected by the mass spectrometer.
A detailed discussion of the most common isotopic labelling techniques is presented in

Chapter 2. Once the labelling is complete, the labelled samples from the two cell states

6



are combined into one sample. The peptides in the combined sample are separated by

liquid chromatography and analyzed by the mass spectrometer (LC-MS).

In the framework of quantitative proteomics, the mass spectral analysis for both
approaches is identical, except that in Approach A analysis is done separately on each
protein cut out of a gel and in Approach B analysis is done on the one combined labeled
sample (Figure 1.1). Only those peptides identified to be associated with a protein are
quantified. Identification is done by peptide sequencing using tandem mass spectrometry
(MS/MS) [34]. Peptide ions detected in the mass spectrometer are collected and then
fragmented, normally by collision induced dissociation (CID). The amino acid sequence
of a peptide can be determined by using a search engine (e.g. SEQUEST [35]) which
matches experimentally collected fragmentation spectra to computationally generated
fragmentation spectra of potential peptide matches from proteomics databases (e.g.
Swiss-Prot [36]), created using genomic information. The identified peptides are then
quantified by comparing relative ion abundances. For Approach B, the quantitative
analysis is typically done by determining a ratio of the ion abundances in the two cell
states at a single time point. A more in-depth discussion on how quantitation is done is
presented in Chapter 2. The goal of quantifying all of the identified peptides is to find
peptides (corresponding to a protein) that have a differential expression level in the two
cell states of interest. This quantitative information provides insight on finding potential

biomarkers, discussed in the next section.

In recent years, quantitative proteomics has evolved from the 2D-PAGE approach
to the LC-MS based approaches. Several of the main reasons are: (1) 2D-PAGE is

subject to bias in the selection of targeted proteins on the gel, where the detection of the

7



proteins largely relies on relatively insensitive staining methods; (2) 2D-PAGE followed
by in-gel digestion and mass spectral analysis of individual proteins is labour-intensive
and difficult to automate, resulting in low throughput; and (3) the LC approach is more
comprehensive, allowing more proteins from both cell states to be analyzed by the mass

spectrometer, providing as much mass spectral information as possible.

1.5 Biomarker Discovery

As previously stated, a major goal of proteomics is the discovery of protein
biomarkers that are characteristic of particular human diseases for early diagnosis and
improved treatment strategies. A biomarker, in this work, is a protein that can be used as
an indicator of a particular disease state of an organism. One of the first protein
biomarkers used in disease diagnosis was the prostate-specific antigen for the detection of
prostate cancer [37]. Unfortunately many single protein biomarkers have proven to be

unreliable and multiple biomarkers are maybe needed [38].

The biomarker discovery workflow has two stages, identification of candidate
biomarkers and validation of those biomarkers. In identifying candidate biomarkers, the
goal is to generate a list of prospective candidate protein biomarkers by profiling the
proteome of the different cell states. The candidate biomarkers are acquired by carrying
out an exhaustive profiling of the healthy and diseased proteomes for a relatively small
number of samples, probing for differences in protein expression that may be suggestive
of the disease state [3]. Once the list of candidate biomarkers is compiled, the validation
stage begins. The candidate biomarkers are subject to a detailed and comprehensive

analysis over a broader population and possibly over a number of different conditions



such as age, gender and disease stage. This allows the candidate biomarkers’ sensitivity
and selectivity to be assessed in different variations of the population. This stage uses
targeted mass spectral strategies that only focus on the candidate biomarkers, ignoring the
rest of the proteome. Typically multiple reaction monitoring (MRM) is used to target
particular peptide fragments from the targeted protein to quantify candidate biomarkers in
a large number of samples [39-40]. Statistical analysis is then performed on the
quantitative data to determine if any of the candidate biomarkers are reliable and can be

used for early diagnosis [41].

Currently, the main challenge of biomarker discovery is the identifying candidate
biomarkers stage [9, 42]. This process is extremely slow, due to the number of
separations required per sample and the time spent identifying peptides in the mass
spectrometer. This limited throughput constrains the number of samples that can be
analyzed in a given time period, consequently reducing the reliability of candidates
selected by this procedure. Presently, a number of efficient protocols for protein
separation prior to mass spectral analysis can be found in literature [15-16]. However, as
separation methods become more efficient there is a need to develop methods that can
provide high-throughput mass spectral proteome analysis of complex samples and
decrease the duty cycle of the mass spectrometer. The development of such a method is

the focus of the work presented in this thesis.

1.6 Motivation For Thesis Research

Much of the analytical research effort in proteomics has been focused on

expanding proteome coverage, with an emphasis on identifying the largest number of



proteins in a particular proteome and to a lesser extent, quantifying proteins expressed in
biological systems. However, unlike transcriptomics and metabolomics, the availability
of clinically useful proteomics data is much more limited because of the qualitative
nature of most data and the lack of studies with a sufficient number of samples. A
prerequisite of clinical data is that it be drawn from a sufficiently large sample size to
ensure reliable inference within a highly variable population. The number of clinical
samples that can be analyzed is currently limited by the low throughput of proteomics
procedures. It is also important that such data quantify the relative abundance of proteins
rather than simply reporting their detection. While it is not critical that such methods
provide comprehensive coverage of the proteome to be useful, it is of course desirable
that as many proteins as possible are detected. Finally it is important to note the
identification of peptides is not necessary for the initial screening of potential biomarkers,

but can be done after such candidates have been selected.

The majority of quantitative LC-MS approaches employ stable isotope labeling to
create exact mass tags that can be detected by the mass spectrometer to provide relative
quantitation of two (or more) proteins samples. However, to quantify proteins, the
peptides must first be identified by tandem MS scans, which increases the analysis time,
decreases the duty cycle of the mass spectrometer and provides a large amount of data
that is not useful for quantitation. These restrictions have limited the utility of
conventional proteomics for routine biological applications, since the analysis of a simple
fractionated sample can take several days. In traditional approaches (Figure 1.1), the
mass spectrometer compiles data from three different mass scans: (1) a full mass scan

used for quantitation, (2) a high resolution zoom scan to provide accurate masses used for
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the tandem mass scan and (3) a tandem mass scan used for identification of peptides. In
the quantitative experiments presented in this thesis, 49% of the scans are tandem mass
scans and only 17% are full mass scans. The goal of quantitative proteomics is to
quantify the peptides but only 17% of the scans from the experiment are actually used for
quantitation. If peptides could be located and quantified without the need of tandem MS
scans or zoom scans, a number of improvements could be made: (1) the number of MS
scans could be increased, (2) the chromatographic separation time could be reduced, (3)
throughput could be improved, (4) data quality could be improved and (5) more peptides
could be detected. The focus of this thesis is the development of a method that can locate
and quantify peptides from quantitative proteomic experiments without the use of tandem
MS scans. The proposed approach is shown in Figure 1.2. The experimental techniques
are identical to Approach B in Figure 1.1 but the mass spectrometer is used differently.
In the proposed approach, only MS scans are performed at first. The peptides are found
and quantified using an algorithm based on the data obtained from the MS scans. Only
those peptides that have differences in protein expression are then identified using MRM

scans.

1.7  Outline of Thesis

Since the principal focus of this work is quantitative methods of proteomics,
Chapter 2 reviews the history and current practice of labelling and quantitation. Different
approaches to tagging peptides are described with an emphasis on the chemically based
methods. Chapter 3 describes the experimental aspects of the studies carried out in this
work, which included analysis of bovine serum albumin (BSA) and the yeast proteome.
Details of the preparation, digestion, labeling and MS analysis are presented.
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Figure 1.2 Visual representation of the proposed approach for the research in this thesis.

12



Additionally, to analyze the mass spectral data, it was necessary to import it into

MatLab® and the process for doing this is described in this chapter.

The initial goal of this thesis was to develop an algorithm to locate and quantify
peptides indicative for biomarker discovery. Unfortunately, the quantitation aspect was
not completed because preliminary research showed that there could be a problem with
the stable-isotope dimethyl labelling technique, the labelling technique chosen for the
research in this thesis. The reasons for this are described in Chapter 2. As previously
stated, protein quantitation is achieved by comparing relative ion abundances. However,
due to the composition of the stable isotopes there is a chance that differentially labeled
peptides could separate in the LC analysis. This poses complications for quantitative
analysis which typically assumes coeluting analytes and determines the ratio at a single
time point. A number of studies have investigated the extent of coelution in several
systems, with mixed conclusions. In Chapter 4, a comprehensive study was carried out to
investigate the effect of dimethyl labelling with H,/D, formaldehyde on the retention
characteristics of differentially labeled peptides. It is demonstrated here that the widely
used dimethyl labelling technique does not adversely affect the quantitation in single

point methods because the isotopic effect is inversely related to the polarity of the label.

Once it was determined that deuterium based dimethylation should not be
discounted as an isotopic labelling strategy, the development of an algorithm to locate
peptides was undertaken. Since the approaches described in this thesis make no
assumption of the availability MS/MS data, the detection of peptides has to be based
solely on MS data, which necessitates the exploitation of unique characteristics to

distinguish peptides from other species that may be present. The features used in this
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work are the isotopic patterns arising in the mass spectral domain from isotopically
labelled peptide pairs and a sustained chromatographic presence. Owing to the nature of
the labelling and the charges that exist on the peptides, there are very distinctive patterns
observed for the different cell states of interest. In Chapter 5, a detailed discussion on the
development of an algorithm to locate peptides produced from quantitative proteomics is
presented. Finally, describing the successful algorithm called Parallel Isotopic Tag
Screening (PITS) and the performance of the PITS algorithm compared to traditional
methods for detecting peptides. It was found that the new algorithm located more

peptides overall than conventional database searches.
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Chapter 2
Isotopic Labelling Techniques

As stated in Chapter 1, most quantitative proteomic methods employ stable
isotope labelling to create an internal standard in the form of an exact mass tag that has
the ability to be distinguished by the mass spectrometer and simultaneously provide
information for quantitation. Mass tags can be introduced into proteins or peptides
chemically [43], metabolically [44], enzymatically [45] or by spiked synthetic peptide
standards [46]. In contrast, protein quantitation can also be performed using label-free
quantitation techniques [47]. All of these methods have been documented in the
literature as achieving significant results and are in use today. Each method has its own
advantages and disadvantages and the use of each method is dependent on the
preferences of the researcher, instrument capability, cost and the nature of investigation.
This chapter focuses on stable isotope labelling methods that are chemically introduced to
proteins, but will also briefly cover biological introduced stable isotope methods and

label-free methods.

2.1 Chemically Based Methods

Some amino acids have side chains with reactive functional groups that can be
chemically modified to integrate an isotope-coded mass tag. In practice, side chains of
lysine and cysteine are primarily used for this purpose. This section focuses on the most
common chemically introduced stable isotope mass tags that are in use today, with a
particular emphasis on isotope-coded affinity tags (ICAT) [43], isobaric tags for relative

and absolute quantitation (iTRAQ) [48] and stable-isotope dimethyl labelling [49]. These

15



tags are all designed to create internal standards that are isotopically labelled versions of
the molecule that is to be quantified. This is a key characteristic because isotopically
labelled internal standards will have similar extraction recovery, ionization response in
mass spectrometry, and chromatographic retention time. Given that the mass
spectrometer can distinguish the mass difference between the light- and heavy-labelled

forms of peptides, quantitation is attained by comparing their respective signal intensities.

2.1.1 [Isotope-Coded Affinity Tags (ICATs)
The ICAT method was first described by Gygi et al. in 1999 [43] and is the first in
a series of similar commercial cysteine synthetic tags for protein quantitation. Referring
to Figure 2.1, the ICAT is a cysteine specific tag that consists of three components: (1) a
biotin moiety (A) that allows for specific isolation of labelled peptides by means of
biotine-avidin affinity chromatography, (2) a linker (B) incorporating stable isotopes that
has two forms, the light form containing eight hydrogen atoms and the heavy form
containing eight deuterium atoms, and (3) a cysteine-reactive iodoacetamide group (C)
that allows the specific attachment of the label to the thiol group of the cysteine side
chain. This label provides the ability to do comparative analysis between two different
cell states.
i

HN NH

(A) O

Figure 2.1 Structure of the original ICAT reagent.
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The procedure for the ICAT method consists of the following steps. First, the
side chains of cysteinyl residues in a protein sample from one cell state are labelled with
the isotopically light form of the ICAT tag (X = H) and cysteinyl residues from the
second cell state are labelled with the heavy form of the ICAT tag (X = D). As described
by Gygi (1999), this is done by breaking the disulfide bonds in the denatured protein
samples from each cell state using a reducing agent and then adding the ICAT reagents
(light or heavy). Second, the two samples are combined and digested with trypsin to
generate peptide fragments, some of which are tagged. Third, the combined sample of
peptides is passed through a monomeric avidin column to remove unlabelled peptides.
Finally, the isolated cysteine-containing peptides are separated and analyzed by LC-
MS/MS. The peptides are quantified by measuring the relative signal intensities in the
MS mode for pairs of peptide ions that differ in mass corresponding to the labelling of the
isotopically light or heavy forms of ICAT reagent. The labelling produces a mass
difference of 8 Da for every cysteine in a peptide. The detected mass difference changes
as the number of tags and charge state vary. The proteins are then identified through

peptide sequencing in the fragmentation spectra.

A number of applications of ICAT have been documented in the literature [50-
53]. Gygi et al. [50] also showed that they could detect and quantify proteins of low
abundance in complex mixtures. This study combined the use of ICAT reagents and
three-dimensional chromatography (cation exchange, biotin affinity, and reversed-phase)
of the peptides generated by enzymatic digestion of the tagged proteins in the yeast
proteome. A number of groups were able to use ICAT reagents and LC-MS/MS for the

detection and quantitation of differentially expressed proteins from two different cell
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states for example in pseudomonas aeruginosa [51], human myeloid leukemia (HL-60)
cells [52], and LNCaP human prostate cancer cells [53], with improved results over

previous reports in literature.

A number of limitations of ICAT have been reported in literature. First, LC
separation can occur between the light and heavy forms of the ICAT labelled peptides
[54, 55]. Extreme cases show that baseline separation of the two forms of the ICAT
reagents can occur. This separation considerably affects the accuracy of the quantitation
because point measurements of signal intensity ratios are not reliable. Second, the ICAT
tag is quite large and, as a result, the labelled peptide produces many fragments in the
fragmentation spectrum related to the tag rather than the peptide, making identification
more difficult [56]. Third, because cysteine is a rare amino acid and its relative
abundance is quite low [57], only one or two peptides are typically labelled and
quantified per digested protein. In some cases, proteins contain no cysteine, which would
prevent any quantitative information from being obtained. Finally, ICAT is unable to
identify post-translationally modified peptides since the majority of the PTMs are
removed during affinity chromatography. Despite these limitations, ICAT can be a
useful method for broad (bodily fluid) or targeted (cysteine containing protein) analyses.
To overcome the third and fourth limitations, another amino acid specific labelling
method is required and will be discussed in Section 2.1.2. The first and second
limitations have been overcome by an enhanced version of the original ICAT Ilabel
described by Hansen et al. in 2003 [58] and referred to as the cleavable isotope-coded
affinity tag (cICAT). This version employs isotope labels that use '*C and °C as the

isotope pair (light and heavy), since these substitutions do not lead to chromatographic
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separation of differentially labelled peptides as is the case for the Dy / Dg ICAT reagents

[54, 55].

The cICAT method has a mass tag similar to the original but with some
modifications as shown in Figure 2.2. The structure contains a biotin affinity tag group,
similar to the original ICAT reagent, connected to a site that can be cleaved under acidic
conditions (A). This is then connected to a linker group that is labelled with nine '2C’s or
nine °C’s (B) and which is connected to a cysteine-reactive iodoacetamide group the
same as in the original ICAT (C). For proprietary reasons, the structure of the acid
cleavage site of the cICAT label has not been described. The benefits of cICAT structure
are: (1) the acid-cleavable site can be removed, resulting in a smaller moiety being
attached to the peptide (indicated by the vertical solid line in Figure 2.2) and improving
the quality of the fragmentation spectra, and (2) cICAT employs '*C and "°C as its light
and heavy labels rather than 'H and “H, thereby allowing the peptides to co-clute by

chromatography, resulting in more reliable quantitation.

— Acid Isotope Coded Tag Protein
Af(f;g%r':'?g Cleavage Light:9x 12C Reactive Group
Site Heavy:9x 13C (lodoacetamide)
(A) (B) (C)

Figure 2.2 Structure of the cICAT reagent.

The procedure for the cICAT method is similar to the one for the original ICAT
tag with a few differences. After avidin affinity chromatography, the acid-cleavable site
is then removed from the labelled peptide under acidic conditions. Again, for proprietary

reasons, the chemistry associated with the removal of the cleavable site is unknown. The
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acid cleaved labelled peptides are separated and analyzed by LC-MS/MS in the same way
as in the original ICAT method, except that the mass difference is 9 Da’s for every
cysteine in a peptide. A number of examples showing successful application of the

cICAT method can be found in literature [59-62].

It should also be noted that there are a number of other cysteine-specific tagging
methods [63-67]. These include visible isotope-coded affinity tags [63, 64], solid-phase
ICAT [65], acid-labile isotope-coded extractions [66], and element-coded affinity tags
[67], to name a few. All of these methods attempt to improve on some of the limitations
of the original ICAT, but are based on the same principles and will not be discussed in
detail here. However, due to its advantages over the original ICAT, cICAT is the most

widely used cysteine-specific isotopic labelling method to date.

2.1.2 Isobaric Tags for Relative and Absolute Quantitation (iTRAQ)

First described by Ross in 2004 [48], the iTRAQ method employs a multiplexed
set of reagents for quantitative protein analysis that consists of a set of isobaric (same
weight) mass labels that attach to the N termini and lysine side chains of peptides in a
digested mixture. With this approach, the protein from up to four sources (as opposed to
two) can be distinguished in a single mixture. All four samples are labelled with different
combinations of isotopes of carbon, nitrogen, and oxygen such that all labelled peptides
are isobaric, but have characteristic ‘reporter ions’ following CID that can be used to
identify and quantify differentially expressed proteins in the four cell states (samples).
Shown in Figure 2.3, the iTRAQ reagent consists of three components: (1) a reporter

group (structure of N-methylpiperazine) (A), (2) a mass balance group (carbonyl) (B) and
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(3) an amine specific peptide reactive group (N-hydroxysuccinimide (NHS) ester) (C).
The overall mass of the reporter (A) and balance (B) groups of the molecule remain
constant using differential isotopes ('°C, "°N, '®0O indicated in Table 2.1), and the use of
these isotopes removes any chromatographic separation that can be observed with
hydrogen and deuterium isotopic labelling. As illustrated in Table 2.1, the reporter group
has a mass range of 114 to 117 Da and the balance group ranges from 28 to 31 Da, giving
combined mass of 145 Da for each of the four reagents. iTRAQ provides the ability to do

comparative analysis among four different cell states.

O

O.

N
N
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)

Figure 2.3 Structure of the iTRAQ reagent.

Table 2.1 Combination of isotopes for iTRAQ reagents to maintain a combined
molecular weight of 145.

A (MW =113) B (MW = 28)
Da | Carbon and Nitrogen isotopes | Da | Carbon and Oxygen isotopes
114 Bc 31 Bc B0
115 Bc, 30 B0
116 Be, BN 29 B¢
117 (o} BN 28

To carry out the iTRAQ method, each protein sample of a different cell state is reduced,

alkylated and then digested with trypsin. Equal aliquots of the isotopic reagents are
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added to each cell state, labelling each peptide in a particular cell state with a specific
reporter group and balance group combination (Table 2.1). The NHS ester in the iTRAQ
reagent reacts with the N-terminus or lysine to form an amide linkage to the peptide. The
four different peptide samples are then combined into one sample, which is separated and
analyzed by LC-MS/MS. In the MS mode, a single unresolved precursor ion is detected
for each peptide. Each MS ion detected represents an identical peptide labelled with the
four iTRAQ reagents. Following CID, the four reporter group ions appear in the
fragmentation spectra as distinct masses of 114.1, 115.1, 116.1 and 117.1 Da. The
sequence information is also determined from the same fragmentation spectrum. This
process is carried out for each precursor ion detected, where the relative concentrations of
the peptides are obtained from the relative intensities of the corresponding reporter ions

at 114.1to 117.1 Da.

A number of applications for iTRAQ have been documented in literature [68-70].
Zieske [68] showed that the iITRAQ method was successful for a number of biological
applications in drug induced-protein expression, discovery and elucidation of disease
markers, and protein-protein interactions. This was all done in multi-protein complexes
and no protein sequence information was lost from samples involving PTM.
Keshamouni et al. [69] were able to identify differentially expressed proteins during
epithelial-mesenchymal transition of epithelial cells in both normal embryonic
development and certain pathological contexts. Gliickmann et al. [70] used i TRAQ
methods to prevalidate potential biomarkers in early molecular process of
hepatocarcinogenicity, which is the production of cancer cells in the liver. They obtained

results similar to their previous work, thus validating the potential biomarkers for the
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system of interest. The iTRAQ method also detected potential biomarkers that were not
observed in Gliickmann’s previous work, showing that iTRAQ is a very useful method

for biomarker prevalidation.

The most significant drawback of the iTRAQ method is that fragmentation
spectra must be acquired for quantitation of the proteins in the complex mixture. This
means more analysis time is required than for other isotopic methods like ICAT and
cICAT, which only need MS scans for quantitation. The authors of the original iTRAQ
paper comment on this drawback but believe that the “ability to identify more proteins
with increased confidence and greater peptide coverage outweighs this disadvantage”
[48]. Whether to use iTRAQ or another technique that doesn’t require tandem MS is one
of the major debates in quantitative proteomics. There are three other drawbacks to the
iTRAQ method. First, iTRAQ is not ideally suited for some mass spectrometers, since
the reporter group ions appear in the range of 114-117 Da; Q-traps have a low mass cut-
off during tandem MS. However, pulsed-Q dissociation (PQD) [71, 72], was introduced
to overcome this drawback. PQD fragmentation mode allows for low m/z ions to be
detection in linear ion traps. A second drawback is that higher collision energies are
required to efficiently liberate the reporter ions from lysine residues, which results in a
loss of sequence information [73]. This drawback of the fragmentation spectra cannot be
overcome. Third, using 13 C, 15N, and "®0 in the 1TRAQ reagents makes the method quite
expensive. However, the last three drawbacks can be overcome by using another amine-

specific isotopic labelling method like the one described in the next section.
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2.1.3 Stable-Isotope Dimethyl Labelling

In 2003, Hsu et al. [49] developed stable-isotope dimethyl labelling method using
the well-known reductive amination mechanism. This method is similar to iTRAQ with
respect to the labelling location of the tag (N-terminus and lysine), but it is different from
iTRAQ in that much simpler tags are employed and isotopic labelling is performed with
formaldehyde (CH,O) and deuterated formaldehyde (CD,0). The procedure for this
method is quite simple compared to the other methods. The proteins in the two different
cell states are denatured, reduced, alkylated and then digested with trypsin. The peptides
from each cell state are separately labelled via reductive amination (shown in Figure 2.4)
with either CH,O or CD-O. After the addition of formaldehyde, sodium
cyanoborohydride is added to each mixture to complete the reductive amination reaction.
After the reactions are complete, the labelled samples are mixed and analyzed
simultaneously by LC-MS. The mass difference of the dimethyl labels is used to
compare the peptide abundance in the different samples. In dimethyl labelling, all
primary amines (the N terminus and the side chain of lysine residues) in the peptide
mixture are converted (through reaction with CH,O or CD,0) into dimethylamines which
serve as the labels. The labelling produces a mass difference of 4 Da per labelling site for
every tryptic peptide. The detected mass difference changes as the number of tags and
charge state vary. The proteins are then identified through peptide sequencing in the

fragmentation spectra.
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Figure 2.4 Reductive amination reaction for CH,O and CD;0.

A number of applications of this method have been reported in literature
producing encouraging results [74-77]. Melanson et al. [74] illustrated that stable-isotope
dimethyl labelling leads to significant enhancement of the a, ion in fragmentation spectra
of all peptides studied. The a; ion was used as the precursor ion for MRM and removed
tedious method development and optimization for each peptide studied. Stable isotope
dimethyl labelling has been used in several studies to identify and quantify proteins in
mouse macrophage-like cells [75], and an E-cadherin-deficient human carcinoma cell
line and its transfectants expressing E-cadherin [76]. Stable isotope dimethyl labelling
was also used to determine proteome differences between different parts of the rod outer
segment of photoreceptor cells in bovine retina [77]. Differences identified with isotope
labelling were in agreement with those identified by western blotting, but many more

proteins could be quantified with dimethyl labelling.

There are a number of drawbacks to the stable isotope dimethyl labelling method.
First, sodium cyanoborohydride is a toxic compound that can release hydrogen cyanide
gas if exposed to strong acid, and formaldehyde is a suspected carcinogen. This can
easily be overcome by doing the reaction in the fume hood. Second, as with the ICAT
method, due to the composition of the stable isotopes, there is a chance that differentially
labelled peptides could separate in the LC analysis. This poses complications for
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quantitative analysis which typically assumes co-eluting analytes and determines the ratio
at a single time point. Hsu et al. [49] do comment about this problem and say “we have
investigated this isotopic effect and found that inaccuracy in quantitation caused by such
an isotopic effect is negligible for the samples that we have analyzed”. However, a more
comprehensive study on the effect of isotope labelling on retention characteristics is

needed and is addressed in Chapter 4.

2.2  Biological Based Methods

2.2.1 Metabolic Methods

Labelling of different metabolic precursors in the cell during growth and division
is the earliest possible time to introduce a stable isotope label into proteins. Through cell
growth, the whole unlabeled protein populations are replaced with stable isotope-labelled
versions before the quantitative proteomics experiment is started. The cells’ states of
interest are grown in light and heavy media, producing the mass difference that is
distinguished by MS. This was first described by Langen et al. in 1998 [44], where '"N-
and "*C-labeled precursors were used for the quantitative comparison of proteins with 2D
gels. In 1999, Oda et al. [78] used '‘’N-labeled precursors to quantify yeast
phosphopeptides and in 2001 Conrads et al. [79] used the same method to quantify a
mammalian cell line. However in 2002, Ong et al. developed the today’s most frequently
used method called stable isotope labelling by amino acids in cell culture (SILAC) [80].
The initial SILAC employed DO-leucine and D3-leucine as its light and heavy media
[80]. However, separation was observed between the SILAC D0 and D3 grown peptides,
which prompted the development of the '*Cg-arginine and '*Cg-arginine media [81].

These media ensure that all tryptic digested peptides have at least one labelled amino acid
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resulting in a mass that is different from its unlabeled counterpart. The key advantage of
all metabolically labelling methods is that labelled intact cells can be combined before
digestion, fractionation and purification, which removes quantitation errors and any
experimental variance associated with separate preparation steps. However, the time and
cost for creating and maintaining these methods is often substantial compared to the

information provided from the experiment.

2.2.2 Enzymatic Methods

Stable isotopes essential for quantitation can also be introduced into the peptides
by the protease cleaving the protein to a peptide mixture. This was first described in
1983 by Rose et al. to assist de novo sequencing of peptides by MS [45], but recently has
been applied to quantitative proteomics [82-87]. Enzymatic labelling can be executed
either during proteolytic digestion with '*O labelled water [82-84] or after proteolysis in a
second incubation step with the protease in a small volume of H,'*O water [85, 86] or
deactivating the protease through a reduction and alkylation step [87]. When trypsin or
Glu-C is used for digestion, two oxygen atoms are introduced, resulting in a 4 Da mass
difference, which is ample for differentiation of peptide isotopic profiles [82-84].
However, if Lys-N and other enzymes are used, they introduce only one oxygen atom,
resulting in a 2 Da mass difference, which is insufficient to identify peptide isotopic
profiles [88]. Major disadvantages are that labelling is rarely fully complete and that the
rate of labelling is different for each peptide, which complicates data analysis [89, 90].
The overall advantage is that, because peptides are labelled enzymatically, common side

reactions in chemically introduced labelling are avoided.
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2.3  Absolute Quantitation by Spiked Synthetic Peptide Standards

Originally described in 1983 by Desiderio et al. [46], this is one of the first
methods of quantitative mass spectrometry where stable isotope-labelled synthetic
peptides are used as internal standards that are spiked into samples at known quantities.
This method today is commonly termed as AQUA (absolute quantitation of proteins) [91,
92]. AQUA-like methods are the only isotopic labelling methods that can achieve
absolute quantitation by comparing the mass spectrometric signal of the known quantity
of synthetic peptides to peptides in the sample. However, even though protein
quantitation is absolute, AQUA has a number of disadvantages. One drawback is that
one has to estimate the amount of the labelled standard that should be added to a sample.
This amount may be different for all proteins of interest as their expression levels may
differ greatly within a sample. Another limitation is that there are likely other peptides
present in the sample that match the mass of the synthetic peptide. As a result, the
protein quantitation determine by AUQA may not reflect the true expression level of the
protein in the cell. Both of these issues can be improved by multiple reaction monitoring
[93, 94] in which the (triple quadrupole) mass spectrometer monitors both the intact
peptide mass and one or more specific fragment ions of that peptide over the course of an
LC-MS experiment. The main advantage of this method is for studies aimed at, for
example, measuring the levels of particular peptide modifications or the analysis and

validation of potential biomarkers in clinical samples.
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2.4 Label-Free Methods

Presently, two generally used but essentially different label-free quantitation
strategies have been described: (1) measuring and comparing the mass spectrometric
signal intensity of peptide precursor ions belonging to a particular protein [47, 95-99] and
(2) counting and comparing the number fragment spectra identifying peptides of a given
protein [100-102]. In the first approach, for each peptide, an ion chromatogram is
extracted from an LC-MS/MS run and the mass spectral peak areas are integrated over
the chromatographic peak. This is typically done by creating extracted ion
chromatogram (XIC) for the m/z values determined for each peptide. The intensity value
for each peptide in one experiment can then be compared to the respective signals in one
or more other experiments to yield relative quantitative information. However, to
achieve better quantitative precision (more mass spectra), proteome coverage is reduced
(fewer fragmentation spectra), and vice versa. The relatively new spectral counting
approach is based on the assumption that, if a particular protein is more abundant in a
sample, more fragmentation spectra are collected for peptides of that protein. Therefore,
relative quantitation can be obtained by comparing the number of peptides identified for a
protein between a pair of experiments. However, in the original spectral counting it is
assumed that the linearity of response is the same for every protein. Actually, the
spectral count value is different for every peptide because the chromatographic behaviour
(retention time, peak width) changes for every peptide [103]. Because the relationship
between amount of protein and number of fragmentation spectra is not valid, in 2002
Rappsilber et al. [104], developed a new estimator for protein quantitation called protein

abundance index (PAI). This index is the number of observed peptides divided by the
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number of all possible tryptic peptides from a particular protein. In 2005, Ishihama et al.
[105] optimized the PAI into an exponentially modified PAI that showed a better
relationship to known peptide amounts. The obvious advantages of label-free methods
are: (1) the steps of introducing the isotopic label into proteins or peptides can be omitted
and (2) there is no limit to the number of experiments that can be compared. Overall,
label-free methods look promising, but certainly they are the least accurate among the
mass spectrometric quantitation methods when considering the whole approach of a

quantitative proteomics experiment.

2.5 Summary

The field of quantitative proteomics has grown in recent years and one reason for
this is stable isotopic labelling. This chapter has reviewed the most commonly used
quantitative methods, including chemical and biological labelling, and label free methods
for protein quantitation. As previous noted, the use of each method is dependent on the
preferences of the researcher, instrument capability, cost and the nature of investigation.
Ultimately a researcher would prefer to use a method that can do absolute quantitation,
but there are no fully validated methods to date. The next obvious choice would be
biologically-based methods, but the costs of these methods are extremely high. For these
reasons the best choice for the present work was to use a chemically-based method.
While the methods described in the remainder of this thesis could be adapted to any of
the labelling techniques, stable-isotope dimethyl labelling was chosen for its simplicity,
low cost and relatively small retention time differences for isotopically labelled peptide

pairs (which will be discussed in Chapter 4).
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Chapter 3
Methods and Data Analysis

In this thesis, two quantitative proteomic experiments were performed, one on
bovine serum albumin (BSA) and the other on S. cerevisiae (yeast), using the procedure
described in Section 3.1. These data sets will be designated as BSA and YEAST in this
work. The BSA data set consisted of four replicate experiments of the same BSA sample
and was carried out by Mark Wall in the Chemistry Department at Dalhousie University
in December 2009. The BSA sample was split into five sub-samples, digested separately
and combined to make four replicates as described in Section 3.1. The YEAST data set
consisted of one fraction of yeast from the cation exchange separation and was carried

out by the author.

In both cases, the raw data files were obtained from the mass spectrometer and
preprocessed as described in Section 3.2 using MatLab® (R2009b, MathWorks, Natick,
MA) functions written by the author and software from the Seattle Proteome Center

(SPC).

3.1 Materials and Methods

3.1.1 Reagents and Standards

BSA, bovine trypsin (catalogue T8802), trifluoroacetic acid (TFA),
triethylammonium bicarbonate (TEAB), ammonium bicarbonate (ABC), formaldehyde,
D,-formaldehyde, sodium cyanoborohydride and formic acid were obtained from Sigma

(Oakville, Canada). Dithiothreitol (DTT) and iodoacetamide (IAA) were purchased from
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Bio-Rad (Hercules, CA). Milli-Q grade water was purified to 18.2 MQ cm™. Solvents

were of HPLC grade and were from Fisher Scientific (Ottawa, Canada).

3.1.2 Yeast Extraction and Preparation

S. cerevisiae was grown and protein concentration was determined as described in
Wall et al. [106]. A 1 mg yeast pellet was used for digestion, isotopic labelling and

quantitative analysis.

3.1.3 Tryptic Digestion

BSA, prepared in 250 mM Tris-HCI (pH 8) was reduced through addition of DTT
(in 250 mM Tris) to a final concentration of 5 mM, with incubation at 55 °C for 20
minutes. Then, [AA (250 mM Tris) was added to a final concentration of 12.5 mM, with
incubation at room temperature in the dark for 20 minutes. The final BSA concentration
was 0.5 g/L.. The BSA sample was divided into five X 100 pL aliquots (50 pg protein) to
which 390 pL water was added, along with 10 pL trypsin (0.1 g/L in water) per vial.
Digestion proceeded overnight (16 hrs) at 37 °C. The digests were terminated through

addition of 50 uL of 10% TFA per vial.

The 1 mg yeast pellet was reconstituted in 100 pL of 8 M urea and Tris-buffer.
530 uL ABC was then added to sample to decrease the concentration of urea to be less
than 1.5 M. DTT was added to a final concentration of 2 mM, incubated at 55 °C for 20
minutes, followed by 69 uL of 200 mM IAA with incubation at room temperature in the
dark for 20 minutes. To digest 100 pL of the reduced yeast sample (final protein
concentration 5 g/L) 10 puL of 0.5 g/L trypsin was added to the sample. Digestion was

terminated by adding of 60 uL of 10% TFA, following an overnight digestion at 37 °C.
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3.1.4 Isotopic Labelling

Digested BSA and yeast peptides were subject to sample cleanup via reversed
phase HPLC as described by Wall et al. [106]. The strategy employs a C;g column with a
0.1% TFA, water/acetonitrile gradient to separate non-protein components (Tris, DTT,
IAA) while capturing peptides as a single fraction. The peptide fractions (50 pg per vial)

were evaporated to dryness in a SpeedVac ahead of isotopic labelling.

Peptide dimethylation with Dy (CH,O) and D, (CD,0O) formaldehyde was
performed as previously described [49]. Briefly, dried peptide samples (50 pg) were
reconstituted in 100 uL. of 100 mM TEAB (pH 8.5) to which 3.6 uL of 20% Dy or D,
formaldehyde was added. Each sample was incubated at room temperature for 5 minutes,
followed by addition of 4.2 uL. of 6 M sodium cyanoborohydride, with incubation for 2
hours at room temperature. Each sample was then subjected to RP-HPLC sample
cleanup [106], dried, and then frozen (-20°C) until LC-MS/MS analysis (for BSA) or

strong cation exchange (for yeast).

3.1.5 Liquid Chromatography (LC)

Before cation exchange, light and heavy labelled yeast peptide fractions were
reconstituted (0.1% TFA in water), and combined in a 1:1 ratio. Cation exchange of the
combined yeast sample was executed on a self-packed PolySULFOETHYL A™ strong
cation exchange (SCX) column (5 pm beads, 1000 A pore size, 100 x 1 mm i.d.) from
The Nest Group, Inc. (Southboro MA). Separation was done using a linear gradient
between solvent A (0.1% TFA in water) and solvent B (0.1% TFA in water with 500 mM

NaCl), beginning at 100% A and increasing to 40% B over 40 minutes, then ramping to
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60% B over 10 minutes. A total of ten fractions (every 5 minutes) were collected over
the gradient. Fractions were dried, reconstituted with 0.1% TFA in water and desalted by

reversed phase [106] and dried again before LC-MS/MS analysis.

3.1.6 LC-MS/MS

Prior to LC-MS/MS, the heavy and light labelled BSA peptide fractions were
reconstituted (0.1% TFA, water with 5% acetonitrile), and combined in a 1:1 ratio. For
BSA, four replicates were prepared, combining the light/heavy labelled fractions (142,
2+3, 3+4, and 4+5). A total of 1 pmol BSA was injected per analysis. For yeast, the first
SCX fraction was reconstituted with 0.1% TFA in water with 5% acetonitrile, and a total

of 1 g of yeast was injected for LC-MS/MS analysis.

A ThermoFisher LTQ linear ion trap mass spectrometer (Waltham, MA) equipped
with a nanospray ionization source coupled to an Agilent 1200 nanoflow HPLC system
(Palo Alto, CA) was used to analyze the protein digests. Separation was on a self-packed
Cy; reversed phase column (30 cm x 75 um 1.d., 3 um Jupiter beads from Phenomenex,
Torrance, CA) flowing at 0.25 uL min'. The gradient consisted of a linear increase from
5% to 30% acetonitrile over 100 minutes, followed by an instantaneous increase to 80%
acetonitrile to regenerate the column. The nanospray ionization voltage was set at 2.5 kV
and the transfer capillary temperature was set to 225 °C. The MS scan range was 400-
1700 m/z. The ion trap had the maximum fill time set at 100 ms, and the automatic gain
control was set to allow up to 1 x 10> ions to enter the trap for MS and 1 x 10* ions for
MS/MS. Data acquisition used dynamic exclusion, collecting one MS scan followed by

tandem MS scans of the top five ions, with an exclusion duration time of 30 seconds.
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3.1.7 SEQUEST Parameters

Peptide identification for BSA was performed using the SEQUEST algorithm
within the Thermo Xcalibur Bioworks (v. 3.3) software package. Peptide filters were set
to achieve a false positive rate of 1% or less when the reversed BSA database was
included in the search. X (cross-correlation value) versus charge state was set to 1.50
(+1), 2.00 (+2) and 3.25 (+3) for searches. Peptide probability was set to 0.01 with ACN
(delta correlation value) > 0.1 and R, (ranked preliminary score) < 4. Two searches
were completed: the first employed fully tryptic peptides with up to 2 missed cleavages;
the second employed fully non-tryptic peptides (i.e. non-specific cleavage at any amino
acid), again permitting up to 2 missed cleavages (at lysine or arginine). The data set was
searched for both fully tryptic as well as non-tryptic peptides against BSA, sequence-

reversed BSA, trypsin and a collection of 10 commonly observed protein contaminants.

3.2 Data Preprocessing

A significant amount of data preprocessing was carried out to manipulate the data
into MatLab®. The proprietary RAW file that is obtained from the Thermo LTQ mass
spectrometer cannot be directly imported into MatLab®. The most straightforward way is
to convert the RAW file format into an open mzXML (extensible markup language)
format [107] that is compatible with MatLab®. The mzXML format is a protocol for
storage and exchange of mass spectrometry data developed at the SPC Institute for
Systems Biology and provides a standard container for MS and MS/MS proteomic data.
RAW files are converted into mzXLM files using the command line program called
ReAdW which was downloaded from the SPC website [108]. A detailed procedure of

how the ReAdW software was used to convert RAW files into mzXML files is described
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in Appendix A. The mzXML files can be observed using a standard text file reader like

gVim [109] (Figure 3.1).

Each mzXML file consists of three different types of sections; the header, sub-
header and body. The header provides the details about the experiment: number of scans
(scanCount), start time (startTime), end time (endTime), file name (fileName) and file
type (fileType). It also provides information on the mass spectrometer: manufacturer
(msManufacturer), model (msModel), ionization (mslonisation), mass analyzer
(msMassAnalyzer), detector (msDetector) and acquisition software (see Figure 3.1A).
The sub-header is the section that has the information corresponding to each scan that
was compiled in the experiment: scan number (scan num), MS level (msLevel), peak
count (peaksCount), scan type (scanType), retention time (retentionTime), low m/z
(lowMz) and high m/z (highMz) (see Figure 3.1B-D). The sub-header for a MS/MS scan
also provides the collision energy (collisionEnergy), activation method
(activationMethod) and the parent ion for the MS/MS scan (highlighted in Figure 3.1D).
There i1s a sub-header for each scan compiled and it provides important information to
distinguish what type of scan it is, MS (Figure 3.1B) or ZOOM (Figure 3.1C) or MS/MS
(Figure 3.1D). The variables used to distinguish between each scan is the msLevel (MS
=17, ZOOM = “1”, MS/MS = “2”) and scanType (MS = “Full”, ZOOM = “Z”, MS/MS
= “Full”). The body is the section where the m/z and intensity data is stored (see Figure
3.1E). However, the data are stored in a Base64 encoding scheme that represents binary
data in an ASCII string format. Base64 encoding schemes are commonly used when
there is a need to encode binary data that needs to be stored and transferred over media.

This is to ensure that the data remain intact without modification during transport.
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Header — A

<?xml version="1.0" encoding="ISO-8859-1"?>

<mzXML xmlns="http://sashimi.sourceforge.net/schema_revision/'mzXML 3.1"
xmlns:xsi="http://www.w3.0org/2001/XMLSchema-instance"
xsi:schemaLocation="http://sashimi.sourceforge.net/schema_revision/mzXML 3.1
http://sashimi.sourceforge.net/schema_revision/mzXML 3.1/mzXML idx_3.1.xsd" >
<msRun scanCount="8204" startTime="PT0.5285S" endTime="PT5401.21S" >
<parentFile fileName="Aon-1-2.raw" fileType="RAWData" fileShal="ad72bf{fcof55f3bbdefe6d55037f33bde5303a83" />
<msInstrument>

<msManufacturer category="msManufacturer" value="Thermo Scientific" />
<msModel category="msModel" value="LTQ" />

<mslonisation category="mslonisation" value="NSI" />

<msMassAnalyzer category="msMassAnalyzer" value="ITMS" />

<msDetector category="msDetector" value="unknown" />

<software type="acquisition" name="Xcalibur" version="2.2" />

</msInstrument>
<dataProcessing>
<software type="conversion" name="ReAdW" version="4.3.1(build Sep 9 2009 12:30:29)" />
</dataProcessing>
Sub-Header
MS Scan - B ZOOM Scan - C MS/MS Scan - D
<scan num="5" <scan num="6" <scan num="7"
msLevel="1" msLevel="1" msLevel="2"
peaksCount="15600" peaksCount="500" peaksCount="1"
polarity="+" polarity="+" polarity="+"
scanType="Full" scanType="2Z" scanType="Full"
filterLine="ITMS + p NSI Full ms filterLine="ITMS + p NSI d Z ms filterLine="ITMS + ¢ NSI d Full ms2
[400.00-1700.00]" [1253.00-1263.00]" 1257.80@cid35.00 [335.00-2000.00]"
retentionTime="PT4.5938S" retentionTime="PT4.9434S" retentionTime="PT6.1991S"
lowMz="400.083" lowMz="1253.02" lowMz="1143.4"
highMz="1700" highMz="1263" highMz="1143.4"
basePeakMz="1352" basePeakMz="1255.38" basePeakMz="1143.4"
basePeaklIntensity="3459.79" basePeaklIntensity="17.6573" basePeakIntensity="1.55171"
totlonCurrent="1.13515e+007" > totlonCurrent="1617.35" > totlonCurrent="1.55171"
<peaks precision="32" <peaks precision="32" collisionEnergy="35" >
byteOrder="network" byteOrder="network" <precursorMz
contentType="m/z-int" contentType="m/z-int" precursorlntensity="2104.21"
compressionType="none" compressionType="none" precursorCharge="5*
compressedLen="0" > compressedLen="0" > activationMethod="CID" >1257.8
</precursorMz>
<peaks precision="32"
byteOrder="network"
contentType="m/z-int"
compressionType="none"
compressedLen="0" >
Body — E

Q8gKq0L8tj9DyBVVQq20qkPIIABCk/KtQ8gqq0HsxUNDyDVVQxv2RUPIQABDq+39Q8hKqON8vxVDyFVVQmIISEPTY ABAE
JTTQ8hqqwAAAABDYHVVAAAAAEPIgABB6IShQ8iKqOLFTZ5DyJVVQsZkaUPIoABBrQbMQ8iqq0FwlcNDyLVVQpjTAkPIw
ABCKk12EQ8jKq0JInwNDyNVVQT6FtkPI4AA+4dDCQ8jqqwAAAABDYPVVAAAAAEPJAAAAAAAAQBkKqzuV701DyRVVQ
P9d10PJIABCm{BMQ8kqq0lyrOtDyTVVQOgc90PIQABBghQ5Q8IKq0LCJspDyVVVQv2iUUPJY ABCjYKeQ8lqqOFPUUpDyXV
VAAAAAEPJgAAAAAAAQ8MKqWAAAABDYZVVAAAAAEPJoAA7+b/0Q8mqq0GAZYFDybVVQsroBOPJwABCekW0Q8nKq
0GQSppDydVVQvp+HEPJ4ABDJiUeQ8nqqONxA0dDyfVVQ0O0+AOPKAABDMbS7Q80Kq0QGO6NNDyhVVQIcdPEPKIABDIZWT
Q80qq0HBAVVDyjVVAAAAAEPKQAAAAAAAQ8pKq0IaqtpDylVVQIY ggkPKY ABDA3asQ8pqq0MemSIDynVVQj47NOPKgA
BAg9GxQ8qKq0K9ImDtDypVVQzJe40PKoABDGL/GQ8qqq0KXjrZDyrVVQbSM+kPKwABDarbpQ8rKqOOKEINDytVVQtB/SEP
K4ABBHW7pQ8rqqwAAAABDyvVVQt3fcEPLAABDetKsQ8sKq0OTnrJDyxVVQwSjx0PLIABC/fgbQ8sqq0IsQmdDyzVVQpz/8
UPLQABCoUpDQS8tKq0OGIUIDy1VVQ4vrMkPLY ABCsneSQ8tqq0Hng8IDy3VVQOnSKOPLgABDxOBbQ8uKqON5S3hDy5SVV
QqLuskPLoABDENT2Q8uqq0LZ9CpDy7VVQgHoUOPLWwABCqDMDQ8vKq0KpMipDy9VVQwzz4EPL4ABDH9¢c1Q8vqqONFGv
xDy/VVQ6RSVUPMAABDS52c¢SQ8wKqOPIP8xDzBVVQ8jFGOPMIABDggBuQ8wqqOMtWyxDzDVVQ4PS6EPMQABC8MngQ ...

Figure 3.1 A selection of an mzXML file from the BSA data set with the Header (A),
Sub-header (MS scan (B), ZOOM scan (C) and MS/MS scan (D)) and Body (E) sections.
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Base64 is used commonly in a number of applications including email via multipurpose
internet mail extensions and storing complex data in XML in this case. The Base64
encoded data in each body is converted using the base64cvt.m MatLab® function
(Appendix B). This converts the Base64 encoded data into single precision data values
that can be used in MatLab®. The procedure for this conversion is shown in Figure 3.2.
In brief, the conversion of each single precision data value is done by taking the Base64
body characters and converting them into a Base64 index [110], translate into binary
code, transform into 8 bits, convert into decimal index, reorder the bytes, and finally
convert into a single precision data value [111] (Figure 3.2A). These single precision
data values are assembled into a data matrix (Figure 3.2B) which composes a mass

spectrum (Figure 3.2C).

The information from the whole mzXML file is exported into MatLab® using the
function called rawexportfull m (Appendix C) written by the author. This function
requires an mzXML file and will output a structured array that contains the processed

data that is used in Chapter 4 and 5.
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A

Body character Q 8 g K q 0 L 8
Packet reversal K g 8 Q 8 L 0 q
Base64 index 10 32 60 16 60 11 52 42
Binarycode ([010100000001{001111000010001111{110100[001011{010101
Convertto 8 bits 01101000000010011j]1100001000111111[01000010[11010101
Decimal index 10 200 67 252 66 171
Byte reordering 67 200 10 171 66 252
Convert to 4 bytes 67 200 10 171 66 252
Byte reordering 171 10 200 67 159 180
Binarycode (11010101[01010000/00010011/11000010

Single precision

data value 400.0833
B
m/s Intensity
v 400.0833 126.3559
5
6 x10 400.1667 86.8294
C 400.2500 73.9740
400.3333 29.5963
5 L
4+ ) )
1699.7500 104.3198
2 al 1699.8333 15.7257
k5 1699.9167 120.6147
= 1700 505.1283
2 L .
1 L —

0 _ N N
400 600 800 1000 1200 1400 1600 1800
m/z

Figure 3.2 The procedure for the first m/z data value (A) which is put into a data matrix
(B) and plotted as a mass spectrum (C).
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Chapter 4

Chromatographic Behaviour of Peptides Following
Dimethylation with H,/D,-Formaldehyde: Implications for
Comparative Proteomics

4.1 Introduction

In mass spectrometry, the use of stable isotopes is a preferred approach to
quantitative proteomics. Various protein labelling strategies incorporate isotopes through
metabolic processes [80-81], enzymatic digestion [82-87], or reaction with chemical tags
containing 2H, 13C, 15N, or 0 [43, 48, 58]. In an LC-MS experiment, the
chromatographic profiles of the isotope analogues should ideally exhibit perfect overlap
so that the relative MS ion abundance of the eluting peptide pair indicates the
concentration ratio of peptides. Unfortunately, the chromatographic separation of
isotopically labelled peptide pairs is commonly observed, especially for deuterated
compounds. In this case, the heavy isotope generally elutes in advance of its lighter
counterpart [112]. This phenomenon has influenced current practices of quantitative

proteomics.

Numerous studies have investigated the extent of isotopic separation in
proteomics. As seen with the original ICAT, Gygi et al. acknowledged a 1-2 s separation
between Dy and Dg-labelled ICAT peptides [43], which could have implications for
quantitation. In contrast, it has been observed that labels incorporating isotopes other
than deuterium generally lead to a much smaller separation of isotopic pairs. This is not
surprising given that there is a doubling of mass for D vs H, while the change for '>C over

12C, for example, is only about 8%. A general consequence of this observation is that
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labels employing isotopes other than deuterium, though more costly, have become the
preferred choice in proteomics studies [113]. To illustrate, while the original SILAC
reagent employed Ds-leucine [80], chromatographic separation of the resulting peptides
(on the order of half a peak width) prompted development of a *Cg-arginine SILAC
reagent [81]. Likewise, an updated cleavable ICAT reagent eliminated deuterium in
favour of '°C [58]. The iTRAQ reagent also avoids deuterium in favour of B3¢, PN, and
'80 [48]. With all such commercial reagents, the isotopic pairs have been shown to co-
elute during RPLC, ensuring correlation of the MS intensity of respective isotopic pairs

and providing more reliable quantitation based on point measurements.

To address quantitative issues arising from isotopic separation of deuterated
peptide pairs in the original ICAT method, Gygi et al. integrated the peptide peak areas
over their respective elution profiles [43]. Given that peak integration can potentially
overcome the issue of chromatographic separation of isotopes, numerous researchers
have weighed the benefits of deuterated labelling reagents over more costly °C
isotopically labelled compounds. Although peak integration is a potential solution to the
problem of isotopic separation, it increases the complexity of automated data analysis.
Moreover, comparison of peak areas for chromatographic signals separated in time
implies that the sensitivity of the MS detector remains constant. Given the stochastic
nature of the electrospray process, such an assumption may not be valid. Thus, a
preferred solution to balance cost and quantitative reliability would be to identify
deuterated labels that minimize isotopic separation. Such labels have been identified in

the literature [49], though they have not come into widespread use, perhaps owing to a
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lack of commercial availability, or a perception that all deuterated labels lead to isotopic

separation.

Considering alternatives to commercial isotopic reagents, one of the simplest and
increasingly popular methods is the use of Dy or D, formaldehyde [75-77], which
dimethylates primary amines (lysine residues and N-termini of peptides). Through
peptide dimethylation, the resulting 4 Da mass difference per label is preferred to the
2 Da difference obtained with *C formaldehyde. Expanding on previous observations
for deuterated analogues, one would assume a chromatographic time shift following
reaction with Dy/D, formaldehyde. Perhaps surprisingly, in an early study proposing this
reagent for quantitative proteomics, Hsu et al. noted a negligible chromatographic time
shift [49]. It should be noted however that such an observation was made from a single

BSA peptide, and may not be representative of a complex series of labelled peptides.

While deuterium isotopic effects are more pronounced than those of °C, the
incorporation of deuterium alone does not dictate chromatographic separation. Zhang et
al. [55] observed that the chromatographic time shift increased as a function of the
number of deuterium atoms in the labelled peptide (for structurally similar labels). This
gave rise to a concept of “specific resolution”, referring essentially to the time shift
afforded per deuterium isotope. These authors also noted that the relative time shift was
larger for smaller peptides with the same label. Boersema et al. [114] speculated that the
partial separation of dimethyl-labelled peptides was due to the higher hydrophilicity of
the C-D bond over that of the C-H bond. Such an explanation would imply a differential
separation dependent on the relative contribution of the C-D bond to the retention of a

given peptide. Furthermore, the location of deuterium in a given isotopic compound
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would also be important in influencing the relative retention of isotopic pairs on a
reversed phase chromatographic support. This argument was presented by Zhang et al.
[55], who noted that the incorporation of a deuterium in a more polar (charged) region of
the molecule led to smaller observed differences in the chromatographic retention of H/D

labelled peptides.

In this work, a comprehensive study was carried out to investigate the effect of
dimethyl labeling with H,/D, formaldehyde on the retention characteristics of
differentially labeled peptides. The objectives of the work reported here were to
(1) determine whether there is a significant difference in retention (measured in terms of
time as well as peak resolution) across a complex mixture of peptides, and (2) assess the
consequences of any observed separation on proteome quantitation. Consistent with
previous observations using deuterium, a statistically significant separation of
dimethylated peptides (D ahead of H) was observed. However, this separation is
inconsequential in terms of peptide quantitation based on point measurements (i.e.
without peak integration). These results are explained with consideration of the relative

high polarity of the dimethylated peptides during chromatographic separation.

4.2 Methods

4.2.1 Data Selection and Preprocessing

A multiconcensus SEQUEST search of the database resulted in a total of 155
unique BSA peptides identified as either the heavy or the light tag in one or more of the
four replicate runs. For each of the 155 identified peptides, extracted ion chromatograms

of the respective isotopic profiles for heavy and light pairs were obtained for all of the
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replicates in which the peptide was identified. For example, given a mass chromatogram
(Figure 4.1A) for one replicate, the XICs (Figure 4.1D) for peptide pairs are created by
integrating the light (black shading) and heavy (gray shading) component regions as
indicated on Figure 4.1C. The regions correspond to the mass and retention time ranges
required to construct the XIC for the particular peptide pair. These regions are different
for each peptide pair combination (charge and number of labels). For peptides that were
not initially identified in all four replicates, a manual search was carried out, resulting in
additional positive hits when the presence of a peptide overlooked by SEQUEST could
be verified. The number of peptides used for this study was subsequently reduced to 71
by applying the following criteria: (1) both peptide peaks (heavy and light) needed to be
confirmed in all four replicates, (2) the isotopic patterns needed to be clearly
distinguishable from baseline noise and free from obvious mass interferences, and (3) the
signal, as represented by the XIC, needed to be of an adequate quality. The first two
criteria were sufficient to eliminate most of the discarded peptides, and the last was
subjectively assessed based on the likelithood of the XIC yielding reliable statistical
parameters (median, width, etc.). From the initial set of 155 peptides pairs, a total of 64
identified peptides were rejected by the first criterion, 15 by the second criterion, and 5
by the third criterion. The resulting 71 reliable unique BSA peptides were used in this

work.
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Figure 4.1 Two-dimensional representation of a mass chromatogram for one BSA
replicate (A), an example of a peptide pair (B), a three dimensional surface plot (C) of the
response indicated on (A), and the calculated XIC (D) for the response, where the dashed
lines are the estimated median retention times for the peptide pair.

4.2.2 Signal Processing

After preprocessing, statistical parameters including time difference,
chromatographic resolution and quantitative ratio were calculated using the median
retention time and peak widths at half height for each XIC for every replicate of each

peptide pair. The median of the elution profiles, representing the time encompassing half
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of the peak area, was chosen as the most objective representation of retention time,
especially when peak maxima were not clearly defined. A summary table that includes
the sequence, masses of the light and heavy molecular ions, charge, number of labels,

time difference and resolution for all 71 unique peptide pairs is available in Appendix D.

4.2.3 Computational Calculations of Compound Polarity

All calculations were performed by Stephen Christensen with Spartan
(Wavefunction Inc., Irvine CA) *08 computational software. The DFT functional B3LYP
with 6-31G* basis set was used for the dipole moment calculations for the labelled

species presented in Figure 4.7.

4.3 Results

A total of 71 unique labelled BSA peptide pairs were identified in all four
replicate samples of labelled BSA using the criteria previously noted. In cases of
multiple charge states, only the most abundant was included in this list. The 71 peptides
included 54 doubly charged ions (14 with one label, 37 with two labels and 3 with three
labels), 15 triply charged ions (2 with one label, 9 with two labels and 4 with three labels)
and 2 quadruply charged ions (two labels). Out of the 71 peptide pairs, 38 were fully
tryptic peptides (28 fully cleaved and 10 with one missed cleavage), 31 were semi-tryptic
peptides (29 full cleaved and 2 with one missed cleavage) and 2 were non-tryptic
peptides. The peptides account for a BSA sequence coverage of 67% with masses
ranging from 813 to 2303 Da with a median mass of 1375 Da. Retention times varied

between 20.9 and 83.5 min with a median value of 49.1 min.
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4.3.1 Retention Time Differences

Figure 4.2 summarizes the time differences calculated from each of the 71
heavy/light peptide pairs, plotted as a function of the apparent mass of the light peptide in

the pair. The time difference is calculated as the average retention time difference
(light, trL , minus heavy, trH ) of each peptide pair across four replicate runs. Here, the

retention time is defined as the median time calculated for each XIC, as shown in Figure
4.1D. Because the sampling interval was not uniform on the time axis, a weighted
calculation was used to determine the median from the chromatographic profile. The
limits for the median calculation were 10% of the maximum peak intensity. In Figures

4.2, 44, 4.5C and 4.5D the error bars represent one standard deviation of the mean

(s/\4).

Figure 4.2 shows that the retention time differences of the various peptides are
highly variable, ranging from -0.40 to 25.45 seconds. The majority of the retention time
differences (69 out of 71) are in the positive region and correspond to elution of the
heavy-labelled peptide ahead of the light. This positive bias is expected based on
previous studies [54, 55, 115]. No meaningful correlation was observed (r* = 0.154)
between retention time difference and the apparent peptide mass. Similarly, the time
difference also did not correlate with the retention time of the peptide pairs, their
observed mass, charge state, number of labels (related to the number of missed

cleavages) or cleavage type (fully or non-specific).
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Figure 4.2 Calculated mean retention time differences as a function of apparent peptide
mass for the 71 unique BSA peptide pairs. A histogram of the time differences is inset.
Error bars indicate one standard deviation of the mean. Representative points shown in

other figures are labelled “a”-“€”. The dashed line corresponds to the median retention

time difference.

As seen in the inset histogram of Figure 4.2, the retention time differences have a
tailed distribution with most of the differences between 0 and 8 seconds and a median
value of 3.36 seconds. Four peptides had an average time difference greater than 15
seconds. The selected XICs for two of these peptide pairs (indicated by “a” and “b” in
Figure 4.2) are provided in the subplots of Figure 4.3 (A and B). As seen from these XIC
profiles, these peptides display a significant degree of chromatographic separation, with
the heavy component (gray) eluting ahead of the light component (black). The other two
peptide pairs with a time difference greater than 15 seconds were characterized by

features similar to the ones shown in Figure 4.3A and 4.3B. Also shown in Figure 4.3 are
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the selected XICs from a peptide pair with a time difference near zero (Figure 4.3C,

[P

indicated by “c” in Figure 4.2) and a pair with a time difference near the median value

(Figure 4.3D, indicated by “d” in Figure 4.2).
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Figure 4.3 Four selected XIC replicates for the indicated peptide pairs at positions “a”
through “d” in Figure 4.2. The vertical lines correspond to the median retention times and
horizontal lines represent the peak widths at half height for the light (black) and heavy
(gray) components. The confirmed amino acid sequence of each peptide pair is provided
in the figure.

4.3.2 Resolution

The absolute time differences between heavy/light labelled peptide pairs highlight
the retention differences experienced by hydrogen vs deuterium labelled peptides.
Chromatographic resolution provides a quantitative measure of the degree of separation
resulting from this time difference, and is presented in Figure 4.4. Again, peak resolution
is plotted as a function of the apparent peptide mass of the light peptide in the pair. The

resolution for one peptide pair is defined as the average retention time difference
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(t" —t") divided by the average peak width at half maximum for the light and heavy

components. Thus resolution can be negative if the light component elutes before the

heavy component.
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Figure 4.4 Calculated mean resolution as a function of apparent mass for the 71 unique
BSA peptide pairs. A histogram of the resolutions is provided in the inset. Error bars
indicate one standard deviation of the mean. The dashed line corresponds to the median
resolution.

A peak width was calculated from the maximum of the XIC for both components
to the points of earliest intersection at half height as shown in Figure 4.3. Despite
potential variations in the peak widths of the eluting peptides, the resolution correlates
strongly with the time difference (r* = 0.98). The resolution between peaks ranges from
-0.022 to 1.39. The peptides pairs labelled “a” through “e” in Figure 4.2 are similarly
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labelled in Figure 4.4. The peptide pair with the largest time difference also has the
largest resolution. With the exception of the peptide pair labelled “a” in the figure, the
remaining peptides have resolution below 0.6. As shown in the inset of Figure 4.4, the
majority of peptide pairs (67 out of 71) have resolutions between 0 and 0.6, with a

median value of 0.114.

4.3.3 Quantitative Ratios

For isotope labelled peptides that do not co-elute, it has been recommended to
integrate each peptide signal over their respective elution profiles. The effects of
chromatographic separation on the quantitation of peptides following formaldehyde
dimethylation are investigated here. Based on experimental design, the theoretical ratio
of the heavy to light tagged peptides would be unity. Two approaches were used to
calculate the relative ratio of heavy/light peptides, as illustrated in Figures 4.5A and B.
The first approach (shown in Figure 4.5A) calculates the intensity ratio (R;) of the two
peaks by summing the intensities of the five time channels of the XICs centered on the
time channel corresponding to the maximum observed signal for the heavy component.
The second approach (Figure 4.5B) calculates the intensity ratio (R,) in the same manner,
but centers the intensity measurements at the respective peak maxima for the heavy and
light components. (Multiple time channels were included to improve signal averaging,
but the window, ca 15 s , was sufficiently small to approximate point measurements.)
Given the observed separation of isotopes, one would assume that the second ratio
calculation would lead to a more accurate determination of the relative peptide quantity.
Each ratio corresponds to the area over the indicated region associated with the heavy

component (gray shading) divided by the area associated with the light component
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(horizontal lines). The averages for the four replicate ratios for each peptide pair are
shown in Figures 4.5C (R;) and 4.5D (R;) as a function of apparent peptide mass. The
median values for R; and R, were 0.95 and 0.92 (the extreme was excluded in this
calculation). To examine the change in the ratios, a plot of the difference between R, and
R, for every peptide pair as a function of resolution is also shown in Figure 4.5E. The
ratio for the extreme case is not shown in the main plot for Figures 4.5C and 4.5E but is
indicated by the asterisk in the inset histograms. In Figure 4.5E, the error bars represent

the 95% confidence interval and the dashed line corresponds to the zero ratio difference.

4.4 Discussion

As previously stated, Hsu et al. [49] indicated that there was no isotopic effect
observed when labelling BSA with the dimethyl method. However, this conclusion was
established by examining only one particular BSA peptide, QTALVELLK. This peptide
was also observed in this work (labelled “e” in Figure 4.2 and 4.4) and the XICs for all
replicates of this peptide are shown in Figure 4.6. The figure shows very similar elution
patterns for the differentially labelled peptides across all replicates, consistent with the
observations of Hsu et al. for this peptide pair. However, the ratio of signal intensities
(heavy to light) is consistently higher on the leading edge of the profile, resulting in a
relatively small but reproducible difference in median retention times. While a small
retention time difference is observed for this particular peptide, the magnitude of the
isotopic effect varies substantially depending on the peptide pair, as shown in Figures 4.2
and 4.4. Thus, one cannot generalize co-elution of deuterated peptide pairs from this one

peptide.
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Figure 4.6 Four replicate XICs for the peptide pair identified as QTALVELLK. The
vertical lines correspond to the median retention times and horizontal lines represent the
peak widths at half height for the light (black) and heavy (gray) components.

In the context of studies of other isotopic labels, Zhang et al. [54] reported that
when BSA was labelled with Do/Dg ICAT reagents, 4 of 19 peptides (20%) had a
resolution greater than 0.5, and no peptides had a resolution below 0.1. It was also
reported that, for peptides labelled with '*C and C succinate reagents, no peptides
exceeded a resolution of 0.01 (i.e. they effectively co-elute). In the present work, only
3% (2 out of 71) of peptides had a resolution greater than 0.5, and 42% (30 out of 71) of
peptides had a resolution below 0.1. No peptides had a resolution below 0.01, although
the error bars suggest that such precise measurements are not meaningful. These results
suggest that dimethyl labelling consistently produces resolution values smaller than those
for deuterated ICAT reagents, but larger than those for the '°C succinate reagents. Zhang
et al. [54, 55] reported that there was a negative correlation between the resolution and

the peptide mass, wherein a greater isotopic separation was observed for smaller peptides.
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This trend was not observed in the current study, owing to the narrower range of peptide
masses observed. Low mass peptides (<800 Da) were not observed given the selected
mass range of the detector (400 — 1700 m/z). Such a mass range is consistent with most

proteomic investigations.

Zhang et al. [55] have also provided a qualitative rationale for the relative isotopic
effects of deuterated labels based on the polarity of the label. Deuterated compounds, in
general, are expected to elute earlier because their interactions with the non-polar
stationary phase are not as strong as the protonated compounds [112]. It has been shown
that chromatographic separation of isotopes is related to the number of deuterium atoms
for structurally similar molecules [55]. However, this effect will only be observed if the
deuterium atoms are able to interact with the stationary phase. Thus, Zhang et al. argued
that the polarity of the label will influence the chromatographic separation, with less
polar compounds showing greater separation of isotope pairs. This argument was
consistent with a group of deuterated compounds used to for protein labelling, though a

quantitative investigation has not been attempted.

To place dimethyl labelling in the context of a quantitative assessment of polarity,
computations were carried out in this work to obtain estimates of the polarity of the
labels. To achieve this, model compounds were assessed as shown in Figure 4.7,
representing the product after reaction of the label with 1-butylamine or, in the case of
ICAT, methylthiol. Thus, these compounds mimic the environment of the tag following
reaction with a lysine or cysteine group. Figure 4.7 lists the computed dipole moment
(described in Section 4.2.3). As suggested by Zhang et al., the fragments with the highest

polarity correlate with those that have the smallest isotopic effect. In this group, the
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dimethyl label (Figure 4.7E) falls between the ICAT (Figure 4.7D) and succinic
anhydride (Figure 4.7F) labels, which is consistent with the experimental results observed

for the resolutions obtained. Thus our observations confirm the arguments previously put

forward [55].
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Figure 4.7 Calculated dipole moments (Debye) of labelled surrogates (deuterated
version) for: (A) pentanoic acid 2,5-dioxopyrrolidin-1-yl ester, (B) propionic acid 2,5-
dioxopyrrolidin-1-y ester, (C) acetic acid 2,5-dioxopyrrolidin-1-y ester, (D) ICAT, (E)
dimethyl labelling, (F) succinic anhydride, (G) [3-(2,5-dioxopyrrolidin-1-yloxycarbonyl)-
propyl]-trimethylammoniumchloride.

The primary purpose of this work was to examine the extent of retention time
shifts in dimethyl labelling and their impact on quantitation. While a time shift was

observed between heavy and light labelled peptides, it was very small except for one
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anomalous peptide pair. To evaluate the effect on quantitation, intensity ratios were
calculated based on time synchronous measurements (R;) and measurements made at
chromatographic maxima (R;), with the latter expected to be more reliable. The majority
of the differences of the ratios (R;-R,) are in the positive region (Figure 4.5E), indicating
that R; is larger than R, for most of the peptide pairs, as expected. This positive bias is
also indicated by the median ratios reported. While the difference in ratios is significant
(P =2 x 10 by a paired t-test), none of the individual peptides showed a significant
difference in the ratio calculation (i.e. the time shift was unimportant) except for the
single anomalous case (Figure 4.3A). Because proteomics studies (e.g. biomarker
studies) often focus on extreme values, the presence of such anomalies should be a
consideration, but retention time shifts are expected to be inconsequential for the large

majority of dimethylated peptides.

It has been suggested in literature that '*C/">C based methods generate more
reliable quantitative results due to smaller isotopic separation over H/D based methods
[58]. Although deuterium labelled compounds produce some separation of isotopic
peaks, in many cases, as exhibited here, this shift is inconsequential for purposes of
quantitation. The majority of '*C/"°C labelling methods are more expensive and the
labelling agent is commonly larger. It has also been reported that larger labelling
reagents may interfere with MS/MS sequencing [56]. Therefore, it is felt on the basis of
the present study that deuterium based dimethylation should not be discounted as a

peptide labelling strategy.
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4.5 Concluding Remarks

Isotopic effects on retention time were observed when stable isotope dimethyl
labelling is employed for comparative proteomic experiments. This effect is small for
most peptide pairs observed in the normal operational range, but is peptide dependent and
was found to be more substantial in a few cases. If there was a significant separation of
differentially labelled peptides, the deuterium labelled component of the peptide pair
eluted first. No reproducible trends were observed when retention time difference or
resolution was plotted as a function of apparent mass, retention time, or other relevant
variables. It was determined that the isotopic effect is smaller than the effect shown
when labelling with deuterated ICAT reagents, but larger when labelling with '>C/"*C
succinate reagents. Through computational studies, it was demonstrated that these results
are consistent with arguments that the magnitude isotopic effect is inversely related to the
polarity of the label. Except for one anomalous peptide, the effect of time shifts resulting
from dimethyl labelling on single point quantitation were found to be negligible when
compared to measurement uncertainty. It is therefore concluded that it is possible to
employ dimethyl labelling to quantitative proteomics without the need for peak

integration.
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Chapter 5
Peptide Pair Detection Algorithm

In Chapter 1, the limitations of conventional approaches to quantifying
isotopically labelled peptides were introduced. The challenge was presented as being
able to detect peptides without the need for MS/MS scans. In this chapter, strategies for
meeting this challenge are presented. A number of approaches were investigated, some
of which will be only briefly described, followed by a complete description of the method
that was actually used for this research. Following this, the application of this method to

the BSA and YEAST data sets is described.

5.1 Strategy for Peptide Detection Based on MS Data

Since the approaches described in this thesis make no assumption of the
availability of MS/MS data, the detection of peptides has to be based solely on MS data,
which necessitates the exploitation of unique characteristics to distinguish peptides from
other species that may be present. The features used in this work are the patterns arising
in the mass spectral domain from isotopically labelled peptide pairs and a sustained
chromatographic presence. Owing to the nature of the labelling and the charges that exist
on the peptides, there are very distinctive patterns observed for the two cell states of
interest. As discussed in Chapter 2, the nature of stable-isotope dimethyl labelling can
result in a variety of different labels and charges applied to a particular peptide pair.
Generally it is assumed that peptides can be singly, doubly, triply or quadruply charged
and may have 1, 2, 3 or 4 isotopic labels. However, not all of these combinations are

commonly observed. In this work, the approach was to search for isotopic patterns of the
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most common cases.

examined in this work are shown in Figure 5.1. These were expected to be the

common combination of the charge and tags.
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Figure 5.1 Common isotopic patterns for singly charge peptides with one (A) and two
tags (B), doubly charge peptides with one (C), two (D) and three tags (E), and triply
charged peptides with one (F), two (G) and three tags (H).

The presence of quadruply charged peptides is possible and can be distinguished

in the MS/MS data; however, it is virtually impossible to distinguish the isotopic pattern

in the MS data. This is a limitation of the mass resolution of the LTQ mass spectrometer.

It can’t resolve individual isotopic peaks that are separated by less than % mass units and

thus produces unclear isotopic patterns. In addition, isotopic patterns for peptides with

four isotopic tags were not examined in this work since they contain two missed

cleavages of lysine or arginine and are therefore rarely observed.
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The inclusion of singly charged peptides with 1 or 2 isotopic tags as targets in this
work is a significant departure from traditional MS/MS-based approaches. These
approaches do not carry out MS/MS scans on singly charged ions, effectively ignoring
their identification. This is done for several reasons. First, the quality of the MS/MS
spectra for singly charged peptides tends to be poor because the fragmentation pattern is
worse than that of more highly charged peptides, where the liberation of the b- and y-ions
is more feasible. Second, compiling an MS/MS scan for each singly charged peptide
would diminish the number of MS/MS scans for more highly charged ions without
producing an equal amount of useful information because the peptides wouldn’t be
identified using MS/MS data. Finally in practice it is found that many singly charged
peptides have relatively short sequences and therefore are generally less useful in protein
identification than the multiply charged ions. Because MS/MS data are not assumed or
used in the present work, the first two reasons for ignoring singly charged ions are not
relevant. Although it may still be true that singly charged peptides are less useful for
identification, they may still have value for confirmation, or for detecting differential
responses from proteins that do not yield multiply charged peptides. Nevertheless, singly
charged peptides with three labels were not examined here because the mass unit
difference of 12 is quite large compared to the other isotopic patterns, giving more

likelihood of false positives.

The model representations in Figure 5.1 have essentially four parameters relating
to their appearance: (1) the mass separation of the isotope peaks for each peptide, (2) the
mass separation of the peptide pairs, (3) the relative heights of isotopic peaks within each

peptide, and (4) the width of the isotope peaks. The first two parameters are determined
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by charge state and number of labels. The last parameter, the peak width, is a function of
the mass spectrometer and is assumed to be fixed in this work. The value employed was
0.15 m/z and was estimated by nonlinear fitting of a representative singly charged cluster.
The relative height of the isotopic peaks (the third parameter) depends on the peptide

elemental composition. These were estimated as described in Section 5.2.

5.2 Methods to Predict Isotopic Patterns of Tagged Peptides

Based on labelling and charge, it is relatively straightforward to predict isotopic
patterns that will be observed. The complicating factor is the relative peak heights of the
isotopic peaks for each peptide, which depends on the elemental composition of the
peptide. Without identification of the peptides, this composition is an unknown quantity.
However, we can make the assumption that the average molecular formula of a protein or
proteome can be used to estimate the elemental composition of the observed mass of
interest. Once the elemental composition is estimated, the isotopic ratios can be
calculated using the simple multinomial distribution. The procedures to estimate the
elemental composition and calculate the isotopic ratios are described in Sections 5.2.1

and 5.2.2.

5.2.1 Estimating Elemental Composition

As previously stated, a reasonable estimate of the elemental composition can be
made using the average molecular formula based on the amino acid distribution
calculated from the sequence of a protein or proteome. For example, based on the protein
or proteome sequence (Figure 5.2A), BSA in this case, the amino acid distribution is

calculated (Figure 5.2B) by finding the total number of each amino acid in the sequence.
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A

DTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLQQCPFDEHVKLVNE
LTEFAKTCVADESHAGCEKSLHTLFGDELCKVASLRETYGDMAD
CCEKQEPERNECFLSHKDDSPDLPKLKPDPNTLCDEFKADEKKF
WGKYLYEIARRHPYFYAPELLYYANKYNGVFQECCQAEDKGACL
LPKIETMREKVLASSARQRLRCASIQKFGERALKAWSVARLSQKF
PKAEFVEVTKLVTDLTKVHKECCHGDLLECADDRADLAKYICDN
QDTISSKLKECCDKPLLEKSHCIAEVEKDAIPENLPPLTADFAEDK
DVCKNYQEAKDAFLGSFLYEYSRRHPEYAVSVLLRLAKEYEATLEE
CCAKDDPHACYSTVFDKLKHLVDEPQNLIKQNCDQFEKLGEYGF
QNALIVRYTRKVPQVSTPTLVEVSRSLGKVGTRCCTKPESERMPC
TEDYLSLILNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPDE
TYVPKAFDEKLFTFHADICTLPDTEKQIKKQTALVELLKHKPKATE
EQLKTVMENFVAFVDKCCAADDKEACFAVEGPKLVVSTQTALA

BSA Sequence

Number of Occurrences

OARNDCEQGHOI LKMFPUSTWYYV
Amino Acid

-
N

-
o

(o]

Number of Elements
»

4
0ARNDCEQGHOILKMFPUSTWYV
Amino Acid

Figure 5.2 The amino acid distribution (B) based on the BSA sequence (A) and the
elemental distribution in each amino acid (C). The order of elements for (C) is carbon,
hydrogen, oxygen, nitrogen and sulphur.

In generalized terms, the average amino acid composition can be expressed as:

CVHWNXOySZ (5.1)
where v, w, x, y, and z are the number of atoms of each element present in the
hypothetical amino acid. Knowing the frequency and the number of carbon, hydrogen,
nitrogen, oxygen and sulphur atoms in each amino acid (Figure 5.2C), the quantities v, w,

x, y and z can be calculated. Equation 5.2 shows this calculation for carbon.

WA 5.2
S/ (5.2)

1%
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Here the summation is over all 22 amino acids, where f; is frequency of amino acid i and
ne; s the number of carbon atoms in amino acid i. Similar equations can be written for
the other coefficients. For example, for BSA, the formula for the average amino acid is
Cs.03H7.91N1 3301 53500660 Once the molecular formula and the molecular weight for the
average amino acid are calculated, the elemental composition for a given peptide is
estimated based on the observed molecular weight by Equation 5.3. This is done by
taking the ratio of the observed molecular weight to that of the average amino acid and
multiplying it by the coefficients of the average amino acid. The values for the average

amino acid for BSA are inserted into Equation 5.3.

Cvt, H w, Nxe Oyt, Szt, = C5403a>H 7.91a)N 1.33@0153(0‘510.0669(1) (5.3)
where @ = Mw, 2 (5.4)
113.56

In this equation, MW, is the observed molecular weight, Z is the charge and v,, w., X., Ve
and z, are the coefficients for the estimated elemental composition of the peptide. For
example, a doubly charged BSA peptide observed at 600 m/z has an elemental
composition of Cs3Hg3N14016S calculated from Equation 5.3. This same procedure can

also be applied to a proteome.

Obviously Equation 5.3 will have some limitations, particularly for small
peptides, because the statistical realizations of the proportions of atoms will deviate from
the average. However, the impact of this on isotopic ratios should be relatively small as
long as the peptide mass is reasonably large. In the absence of a exact solution this was
deemed the optimal approach to use. The next section describes how to implement the

elemental compositions to calculate the isotopic ratios given an observed peptide mass.
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5.2.2 Calculating Isotopic Ratios

Once the elemental composition is estimated from the observed molecular weight,
the isotopic ratios for the M+1 ion (Rys+;), M+2 ion (Ry+2) and M+3 ion (Ry3) relative
to the molecular ion are calculated. In this work, the molecular ion (M) corresponds to
[M+nH]"", the M+1 ion corresponds to [M+1+nH]", the M+2 ion corresponds to
[M+2+nH]™ and the M+3 ion corresponds to [M+3+nH]"". Where n represents the
charge of the peptide. The ratios for these ions are calculated by taking the sum of the all
probabilities of all isotopic compositions leading to the formation of an M+¢€ ion divided

by the probability of forming the molecular ion.

R _hM+( _P(M+E)_ZP(X£)
Y h, P(M)  P(X,)

(5.5)

Here hys4¢ 1s the height of the peak for the M+€ ion, /4, is the height of the peak for the

molecular ion, P(M+€) is the overall probability of forming a M+¢€ ion, P(M) is the
probability of forming the M ion, P(X,) is the probability of forming the M+¢ ion by
isotopic combination k, and P(X;) (= P(M)) is the probability of forming the lowest

isotope combination (i.e. the molecular ion). The quantities P(X,) and P(X;) are

calculated based on the multinomial distribution. For P(X,) this is given by:

n,n,!
n'n,n ... mom o,

P(X/f) = 250 2 ey (5.6)

n,'n,lon, n, ..
where n; is the number of atoms of element i in ion X, n; is the number of atoms of

isotope j of element i in ion X with mass M+€ and p;; is the fractional abundance of
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isotope j of element i. For P(X)), a simplified version of P(X ,f ) is to calculate the

probability of the molecular ion in which n; = 0 for j>1.

n,!m\..
P(Xo):n—'pn“pzfl'" (5.7

Note that these calculations do not adjust the molecular formula to account for the
presence of labels or other modifications, but these variations are expected to be of
negligible consequence, especially given that an average formula is already used in the

calculation.

For example, the isotopic ratios for the M+€ ions (Rys+;, Rur+2, Ry+3) for a doubly
charged BSA peptide observed at 600 m/z with an elemental composition of
Cs3Hg3N14016S) are calculated from Equation 5.5. The probability of forming the lowest

isotope combination (i.e. the molecular ion) is calculated by Equation 5.7.

P(Xo) = P(12C53 1H83 14NM 16016 32S1)
1R3114116!1!
= % (0.9889)%(0.99985)% (0.9964)"* (0.9976)'°(0.9500)'

=0.4751

There are multiple M+1 ions that can be formed. These include ions that contain only

3¢, ?H, N, 0 or **S. For the °C case, P(X)), is calculated from Equation 5.6.

POX]) = P(°C;, "G H N, 0, 7S)
_53183114116!1! . 1 . ) . |
_52!1!83!14!16!1!(0'9889) (0.0111) (0.99985)™(0.9964) " (0.9976) " (0.9500)

=0.2826

Likewise the probabilities can be calculated for the other four possibilities and finally

R,z 1s calculated.
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_ P(M+1) (0.2826+0.0059+0.0240+0.0030+0.0038)  0.3194

= = =0.672
P(M) 0.4751 0.4751

Rys+2 and Ryz43 can be calculated in the same way with different combinations, however
the results for P(X ,f ) are not shown since the number of combinations increases to 17 for

the X+2 ion and 45 for the X+3 ion.

D PM+2) 01421
M2 p(M) 04751
D P(M+3) 00047
MR (M) 04751

0.299

0.099

Once these ratios are calculated they are included in the generation of a mixed gaussian
model for the isotopic pattern with the ratios for the M+€ ions. The isotopic pattern is
calculated using Equation 5.8 which is based on a gaussian distribution.

f (x) _ RM e—(x—XM ¥ /202

+R —(x=X,;—Ax)? /202

M+le (5.8)

—(x=X,, —2Ax)? /267
+ RM +Ze

—(x—X,;-3Ax)* /1207
+R,, €

Here, x represents the mass-to-charge ratio on the x-axis, Xy is the position of the M ion
in the pattern, 6° is the variance of the distribution which is set to 0.15 and Ax is the
isotopic separation of the peptide in question (in this case, Ax = 0.5 for doubly charged).
The calculated isotopic ratios (Figure 5.3A) and the isotopic pattern (Figure 5.3B — black)
for the doubly charged BSA peptide observed at 600 m/z with an elemental composition
of Cs3Hg3N14016S) are shown in Figure 5.3. The gray dashed lines in Figure 5.3B
represent the individual gaussian distributions that make up the total isotopic pattern

(black).

67



RM RM+1 RM+2 RM+3

Intensity

1.000 | 0.672 0.299 0.099

0 ~
599.5 600 600.5 601 601.5 602

Figure 5.3 The calculated isotopic ratios (A) and the isotopic pattern (B) for a BSA
peptide detected at 600 m/z with an elemental composition of Cs3HgzNj4016S;.

To illustrate the accuracy of the calculated isotopic patterns, Figure 5.4 was
created to compare experimental mass spectra (black) of different BSA peptide pair
combinations (charge and number of isotopic tags) to the calculated isotopic patterns
(red). Each experimental mass spectrum was normalized to the maximum intensity in the
selected mass-to-charge region. The first row corresponds to a singly charged BSA
peptide with one isotopic tag at a low (Figure 5.4A) and high (Figure 5.4B) mass-to-
charge ratio, the second row corresponds to a doubly charged BSA peptide with two
isotopic tags at a low (Figure 5.4C) and high (Figure 5.4D) mass-to-charge and the third
row corresponds to a triply charged BSA peptide with three isotopic tags at a low (Figure
5.4E) and high (Figure 5.4F) mass-to-charge. In addition to changes in the spacing of
isotopic peaks with different charge states, there is a distinct change in the ion ratios
between low and high masses. Taking these isotopic pattern differences into account, the
calculated patterns model the experimental mass spectra very well for all different types
of peptide combinations and mass-to-charge ratios. This procedure to estimate the
elemental composition and calculate the isotopic ratios was used for the remainder of this

work.
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Figure 5.4 Selected mass spectral regions (black) compared to calculated isotopic
profiles (red) for a singly charged BSA peptides with one tag (low (A) and high (B)
mass), doubly charged peptides with two tags (low (C) and high (D) mass) and triply
charged peptides with three tags (low (E) and high (F) mass).

The next section will outline the development of an algorithm to detect

isotopically labelled peptide pairs using the calculated isotopic patterns described in this

section.

5.3 Algorithms for Peptide Detection

Once the isotopic patterns were established, it was necessary to find a method to
detect where they arise in the mass chromatogram. A number of strategies were
employed for this, some unsuccessfully. One of these will be described briefly, followed

by a more extensive description of the algorithm used successfully in this work.
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5.3.1 Autocorrelation Function

The first strategy that was employed to detect isotopically labelled peptide pairs
through specific patterns in a mass chromatogram was a novel two dimensional weighted
autocorrelation function. The weighting for the function in the mass domain was the
predicted isotopic patterns presented in Section 5.2.2, while in the time domain an
estimated Gaussian distribution based on the peptide chromatography was used. As the
autocorrelation function is passed over sections of the mass chromatogram for BSA
(Figure 4.1A) a correlation value is calculated for each mass-to-charge channel and scan
number. This correlation value corresponds to how well the function models the
extracted section from the mass chromatogram. As the function and the extracted section
from the mass chromatogram become similar the correlation increases and the correlation
decreases when the two become different. Each isotopically labelled peptide pair creates
a correlation spot where the maximum correlation corresponds to the location of the
peptide pair. The correlation values can be visualized using a logarithmic heat map
(Figure 5.5A) where a correlation spot on the map (Figure 5.5B) corresponds to a labelled
peptide pair (Figure 5.5C). In the heat map, the colourbar gradually goes from blue

(lower correlation) to red (higher correlation).

This strategy was successful in locating labelled peptide pairs as shown in Figure
5.6A and B. Figure 5.6B represents a mass spectrum of a found peptide pair for the
correlation spot indicated on Figure 5.6A at “w”. However, after an extensive
investigation on the reliability of each correlation spot (Figure 5.5B) a number of

problems were discovered. First, close to a half of the correlation spots were false-

positives due to improper detection of peptide pairs. For example, Figure 5.6C shows a
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Figure 5.5 The logarithmic heat map of a BSA sample (A) with an example of a
correlation spot for a pair of differently labelled peptides (B) and the mass spectrum of a
peptide pair (C) indicated in (B). The red dots in (C) corresponds to the masses of the
light and heavy components in a peptide pair that produce the correlation spot indicated
in (B).

mass spectrum of a false-positive which corresponds to the correlation spot indicated on
Figure 5.6A at “x”. The majority of the false-positives spots were due to prominent
heavy peptide peaks of legitimate pairs (Figure 5.6B) correlating with the baseline
(Figure 5.6C) producing lower correlation spots as shown in Figure 5.6A at “x”. These
correlations spots are very problematic because the algorithm should have little to no
false-positives. Second, when sections of a mass chromatogram are complex (a lot of
peptides eluting at once), the correlation spots tend to interfere with one another and it
becomes difficult to distinguish the boundaries of individual correlation spots (Figure
5.6D). Third, several spots produce two maximum correlation locations (Figure 5.6E at
“y” and “z”) where each location corresponds to the same mass spectral data for a peptide
pair (Figure 5.6F). This problem produces redundant and unwanted information when

compiling a list of peptide pairs found. This type of spot would allow a peptide to be

counted twice and distinguished as two different peptide pairs. These problems are the
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Figure 5.6 Two selected BSA correlation spots (A & E) with the corresponding mass
spectra (B, C & F) at the indicated locations “w” and “x” on (A) and “y” and “z” on (E).
(D) shows a region of interfering correlation spots.
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reasons why this strategy was not used in this work. This directed the research towards
more comprehensive statistical methods that would allow for better control of the
parameters used in the algorithm. The next sections will explain the details of the

algorithm that was used in this thesis to detect peptide pairs.

5.3.2 Parallel Isotopic Tag Screening

The most promising method for the detection of peptide pairs was based on a
parallel implementation of classical least squares modeling. In this approach, which is
outlined in Figure 5.7, mass spectral data within a designated window of the mass
spectrum are fit to calculated isotopic patterns to assess whether or not a peptide pair is
present. In the current work, there are eight models employed, one for each of the
label/charge combinations commonly observed (Figure 5.1). This approach will be

referred to as the Parallel Isotopic Tag Screening (PITS) method.

The PITS method begins by segmenting an MS window i into two subwindows
best suited to encompass the light (k = 1) and heavy (k = 2) clusters for each model. In
each case, the windows chosen differ according to the number of labels, the charge state,
and whether the light or heavy ion cluster is being modeled. The range of each
subwindow within the mass spectral window is shown in Table 5.1 for the eight models
used. These are represented both in terms of the index within the window and relative to
the molecular ion, M, of the light component of the pair. Modeling assumes that this ion

is located at index 19 of mass spectral window i, and that A(m/z) = 1/12 on the y axis.
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Figure 5.7 Visual representation of the Parallel Isotopic Tag Screening (PITS) algorithm.
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Table 5.1 Subwindow ranges for the PITS algorithm.

Model No. of Charge Subwindow 1 Range, | Subwindow 2 Range
Labels i iz
Index Mass Index Mass
1 1 1 1-61 M-1.5 61-109 M+3.5
M+3.5 M+7.5
2 2 1 1-109 M-1.5 109-157 M+7.5
M+7.5 M+11.5
3 1 2 1-34 M-1.5 37-67 M+1.5
M+ 1.25 M +4.0
4 2 2 1-61 M-1.5 61-91 M+3.5
M+3.5 M+6
5 3 2 1-85 M-1.5 85-115 M+5.5
M+5.5 M + 8.0
6 1 3 1-29 M-1.5 34-53 M +1.25
M +0.833 M +2.833
7 2 3 1-45 M-1.5 45-69 M +2.167
M +2.16 M +4.167
8 3 3 1-61 M-1.5 61-85 M+3.5
M+3.5 M+5.5

Figure 5.8C is a pictorial representation of these subwindows for a selected mass

spectral window from the yeast mass chromatogram. For reference, a region of the mass

spectrum was chosen that shows a doubly charged, doubly labelled peptide pair.

The

vertical lines for each model are the subwindow boundaries, with the solid lines

representing the first subwindow and the dashed lines representing the second. Note that

the size of the subwindows varies both with the model and between the light and heavy

labels. Subwindow sizes were chosen to optimally consider aspects such as the inclusion

of baseline regions, overlap of the patterns and the number of isotopic peaks included.
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Figure 5.8 A two-dimensional representation of the mass chromatogram for isotopically

labelled yeast (A), one particular mass spectrum (B) indicated on (A) and an expanded
mass spectrum (C) of section i showing r;; and r;, respectively for each combination.

For each of the eight isotopic patterns tested, each subwindow is modeled
independently using the isotopic profiles calculated as described earlier. The calculated
profile depends on the charge, the peptide mass and the assumed position of the
molecular ion within the subwindow. Also included in the fit is a baseline parameter to
account for offsets in the mass spectrum. Mathematically, the model can be represented
as:

f

ijk

[ v |=[ba c(,k{ 1 T[ ey | (5.9)

Here rj is the 1 X nj; row vector for mass spectral measurements corresponding to
subwindow k (k=1 or 2) of model j ( = 1 ... 8) for the spectral window i, where n;; is the

size of subwindow k for model j (see Table 5.1). The scalar quantity b represents the
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baseline offset and c;; represents the magnitude of the contribution from fj; to estimate
rjx. This magnitude is arbitrarily scaled to the 1 X nj vector fj, which is the calculated
isotopic pattern for subwindow k of model j, corresponding to the masses in window i.
For convenience, the fj; vectors are normalized to a maximum height of unity and should
be essentially the same for both subwindows of a given model except for a shift on the
mass axis and possibly a very small modification of isotopic ratios. The boldface “1” in
Equation 5.9 represents a 1 X nj vector of ones, corresponding to the basis function for
the baseline. The 1 x nj; vector e is the vector of residuals from the model. Represented

in matrix notation, we can rewrite Equation 5.9 as

Ly =a, E'jk

+e, (5.10)
where rj is 1 X njx, a5 1s a 1 X 2 vector of model parameters, and Fy; is the 2 X nj matrix

of basis functions. The least squares solution for the fitted model parameters is

A =1, (F, F) G.1D)

and the calculated mass spectral response in the subwindow is given by

r, = aijkE’jk

(5.12)

In the modeling step of the PITS algorithm, the fitted parameters and calculated mass
spectrum are calculated for each subwindow in each model. To further illustrate the

modeling step, Figure 5.9 was created to show the mass spectral response for window i

(rjx) in black plotted along with the fitted mass spectral responses (f‘ijk) in red for each

subwindow and model for the peptide pair in Figure 5.8C. The discontinuity in the red

lines corresponds to the F;, calculated with f;; for the first section and r,, with f;;, for the

second section (note that the window lengths are not generally the same size). Figure 5.9
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shows that the best f‘@,k fit is obtained for the fj; with the correct charge and label

combination (+2 with two labels), represented by f4; and fs, in this case.

PN N fo, & fy,

Z SR f"\_ f; & 15,
j\l\\\ fo & £y,

S
| Ma J/V\-\_a_ &y
AL

>
g f, &1y,
M f; & f3
M( £, & £
_JY}\,-@ M—-— fh&f,
828 830 832 834 836 838 840

m/z
Figure 5.9 The observed mass spectral response (black) for a particular peptide pair
compared to the predicted mass spectral response (red) calculated for both & segments
with the respective fj; and f).

The final step in each iteration of the PITS algorithm is the model assessment,
which attempts to determine which, if any, of the tested models matches the mass spectral
response in window i. Most of the time, it is expected that none of the models will
accurately represent the data in the window. This can occur for a number of reasons,
including (1) there is no legitimate peptide pair in the window, (2) a peptide pair is
present, but is not aligned with the model at this iteration of the algorithm, (3) a peptide

pair is present, but exists in a state not included in the model set, (4) a peptide pair is



present, but is subject to mass spectral interferences and (5) one of the subwindows fits
well for one of the models, but the other subwindow does not. This last situation will
arise inevitably as the window moves through the mass spectrum and each isotopic
cluster traverses the window. To detect a valid model pair, the PITS algorithm calculates

a standard error (s.);x, for each subwindow and model at each iteration i.

The standard error is calculated by taking the square root of the sum of the

squared residuals divided by the length of rj; (nj) corrected for the loss of degrees of
freedom. The standard error indicates the standard deviation in the residuals (r;, —T,)

and estimates the measurement uncertainty when the model is valid. When the standard

error is small, the fit of F,, to rj is good and when it is large, the fit is poor.

(Se)i/'k _ \/(ryk - f-;'jk )(rijk - f‘ijk )T (5.13)

n, —2
The standard error is used to assess whether the model fits are reliable. To be acceptable,

both subwindows of a model much show good fits. For this purpose, the relative

standard is calculated using the observed maximum within each window.

()i (8)y ] (5.14)

b
max(r;,) " max(r,,)

Ql.j = max(

Here, Qj; 1s the quality measure for the fit of model j at window i. If the value of Q;; falls
below some threshold, the model is deemed to be acceptable, otherwise it is not. In this

work the threshold was set to 0.10 (10% minimum relative standard error).

Another parameter calculated for each model will be referred to as the product

value, and is simply defined as the product of the two fitted contributions.
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prod; =¢;C;, (5.15)
This scalar quantity is meant to reflect the intensity of the measured peptide pair. A
product was incorporated rather than a sum because it also reflects the covariance of the
peptide pair. However, it is important to note that if the quality parameter, Qj;, is above

the threshold for a given model, prod;; was set to zero.

The last step in the model assessment is to create a classification for mass spectral
window i, which will be designated as 6,. If none of the models are considered
acceptable, 0, is set to zero. If only one model is considered acceptable, 6; is set to that
number (f). It is possible; however, that more than one model will give an acceptable fit.
For example, in Figure 5.9, both model 4 (fs; & f1;) and 8 (fs; & fs) give reasonable
residuals, although model 4 is clearly the better fit. In such circumstance, 6; is assigned

to the model with the smaller Q value (better fit).

Figure 5.10 presents an overview of one iteration of the PITS algorithm. This
figure shows the process necessary to establish the information needed to locate and
recognize the type of peptide pair. Each solid line in the figure represents the
calculations completed for the light subwindow (k = 1) of a peptide pair, which includes

A

c f‘l.j1 and (s.);; respectively for each peptide model. The dashed lines represent the

Ik
calculations completed for the heavy subwindow (k = 2) of a peptide pair (é[j2 , f'yz , (8e)ij2)
for each model. Once these calculations are finished O and prod;; for each model are
calculated (dotted line). From the Q;; values the algorithm decides on which model, if

any, is appropriate. For example, in this figure, the peptide pair is doubly charged with

two isotopic labels and a four mass unit difference.
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Figure 5.10 The overall calculation procedure for the PITS algorithm at one particular
mass spectral window i for both k& segments.

The preceding discussion applies to the parallel calculations carried out for one
iteration of the PITS algorithm, i.e. for one mass spectral window. This window moves
across each channel of the mass spectrum, i, for every time point, j, in the mass
chromatogram, resulting in a classification, 0 for every point in the mass chromatogram
(excluding a small number that are inaccessible at the beginning and end). The resulting
classification matrix, ®, is a map of the location of all detected peptide pairs in the mass
chromatogram and will be discussed in Section 5.3.3. It is apparent that this is a

computationally intensive approach. A typical computation time for a BSA mass
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chromatogram of dimensions 15000 x 1502 was approximately 12 hours. Although this
is an extended calculation, it is still relatively short compared to the experiment itself and
not much different from extensive searches of MS/MS data. Moreover, steps have not

yet been taken to fully optimize the algorithm or exploit parallel computing strategies.

An important concept that should be noted is the dynamics of the PITS algorithm,
in particular the calculated isotopic patterns described in Section 5.2.2. As the PITS
algorithm is applied to each window over a mass spectrum, the calculated ratios in the
isotopic profile are adjusted every ten mass units. This interval was chosen because
simulations found that the isotopic ratios only exhibit noticeable changes with a change
of about ten mass units and the efficiency of the algorithm could be improved by
incorporating these values into a lookup table rather than calculating them on the fly.
Figure 5.11 shows the calculated isotopic profile for a doubly charged yeast peptide with
two labels used for the PITS algorithm at the start (400m/z — Figure 5.11A) and at the end

(1700m/z — Figure 5.11B).

400 m/z 1700 m/z

_

Figure 5.11 The isotopic pattern for a doubly charge yeast peptide with two labels at 400
m/z (A) and 1700 m/z (B).

Figure 5.12 illustrates the performance of the PITS algorithm, when applied to the

mass spectrum from Figure 5.8B. A number of labelled peptide pairs are located. Figure
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5.12 highlights three particular peptide pairs of interest. The upper section of Figures
5.12A-C is a plot of prod; values corresponding to mass-to-charge range as in the lower
section. A prod; value will be greater than zero when the PITS algorithm detects a
peptide pair with one of the models. Figure 5.12B shows the detection of a doubly
charged peptide with a four m/z unit difference, which was the most common labelled
peptide pair located. This was expected because tryptic digestion produces mainly
doubly labelled peptides and mass spectrometry most commonly forms doubly charged
peptides. Figure 5.12A shows a doubly charged peptide with a two m/z unit difference
located near the baseline. This was very encouraging because peptide pairs near the
baseline are hard to locate when employing traditional quantitative methods. Figure
5.12C shows a singly charged peptide with a four m/z unit difference. As already stated
in Section 5.1.1, these peptide pairs are important to locate because quantitation and
MS/MS scans are never done on singly charged peptides using traditional methods. This
is a benefit of using the PITS algorithm, which allows singly charge peptides that might
never be found with traditional methods to be included. The changes in the isotopic
ratios among the peptides, which are dynamically modeled by the PITS algorithm, should

also be noted.

It is apparent from the results in this section that the PITS algorithm developed
has the ability to recognize differentially labelled peptide pairs through specific isotopic

patterns without identifying the peptides through MS/MS scans.
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Figure 5.12 A selected mass spectrum (D) from the yeast mass chromatogram with three
particular peptide pairs highlighted. For (A) to (C) the lower section corresponds to the
expanded mass spectral regions indicated on (D) and the upper section shows the prod;
values for each combination respectively over the same mass spectral range.
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5.3.3 Mapping of the Classification Matrix, @

As previously stated in Section 5.3.2, when the PITS algorithm moves across a
mass chromatogram a classification matrix, ®, is produced. This classification matrix
provides the location (mass channel and scan number) for all detected peptide pairs in the
mass chromatogram. To visualize the classification matrix a unique colour map was
constructed that consisted of 9 different colours to represent the eight isotopic patterns
modeled and one for when the PITS algorithm did not detected a peptide pair. For
example, the classification matrix for the yeast mass chromatogram is shown in Figure
5.13A. In addition, Figure 5.13B shows an expanded section for the region indicated on

Figure 5.13A.
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Figure 5.13 A two-dimensional representation of the classification matrix for the yeast
mass chromatogram (A) and (B) is a expanded region of the classifications indicated on
(A). See inset colour bar for corresponding colours that represent each PITS model.
Black corresponds to when no peptide pair was detected.
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The classification matrix is very complex as shown in Figure 5.13B. This is
because for every time point that a peptide pair was detected is marked with a point. One
detected peptide pair corresponds to a continuous line of points as indicated in Figure
5.13B. To reduce the complexity of the classification matrix, the Q; values (fit
parameter) were taken into account for each detected peptide pair. Only the time points
that had the lowest O value for a detected peptide pair were kept. This was done by
using a smoothing method (binning approach) that moved across the classification matrix
to identify points belonging to a single peptide pair and replace them with a single point
corresponding to the minimal Q; value. The resulting modified matrix is shown in

Figure 5.14.
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Figure 5.14 A two dimensional representation of the modified classification matrix for
the yeast mass chromatogram (A) and (B) is a expanded region of the modified
classifications indicated on (A).

Using the modified classification matrix shown in Figure 5.14 a total list of

detected peptides pairs found using the PITS algorithm can be compiled.
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5.4 Performance of PITS Algorithm

Section 5.3 described how the PITS algorithm works, but before it is really used
in practice the algorithm has to be validated. The yeast proteome is much too complex to
do this, so the BSA dataset, which consisted of four replicate runs as described in Section
3.1, was employed. The resulting classification matrices for the four replicates are shown
in Figure 5.15. This section will describe the performance of the PITS algorithm in
detecting peptide pairs in BSA (Figure 5.15) compared to the traditional SEQUEST

protocol.
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Figure 5.15 A two dimensional representation of the classification matrix for the four
replicate BSA experiments.

Using the classification matrices from Figure 5.15 a complete list of detected

peptide pairs was compiled by combining the four replicate lists into one. This resulted

in a list of 535 detected unique peptide pairs in BSA. A summary of this list is presented

in Table 5.2 and the complete list is in Appendix E.

Table 5.2 Summary of the 535 detected peptide pairs from the PITS algorithm.

Model

No. of Labels

Charge

No. of Peptide Pairs
Found

106

11

132

159

13

20

64
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The 535 detected peptide pairs included 117 singly charge peptides, 304 doubly
charged peptides, and 114 triply charge peptides. There were 258 peptides with one
label, 234 peptides with two labels, and 43 with three labels. A total of 170 were found
only in one file, 101 were found in two files, 79 were found in three files, and 185 were
found in all four files. Out of the 535 detected peptide pairs, 43 were found to be
associated with the same peptide but detected at different charges. This was based on
comparing the apparent peptide mass between the peptide pairs with a tolerance of 0.3
mass units. A total of 11 were found as singly and doubly charged with one label, 6 as
singly and doubly charged with two labels, 5 as doubly and triply charged with one label,
19 as doubly and triply charged with two labels, and 2 as doubly and triply charged with
three labels. In other words, it can be said this list corresponds to 535 peaks found, which

represents 492 estimated peptides.

To validate the PITS algorithm, the 535 detected peptide pairs were compared to
the list produced from a SEQUEST search of the replicate files. As described in Section
3.1.7 a multiconcensus SEQUEST search of the BSA database resulted in a total of 155
unique BSA peptides, being identified as either the heavy or the light label, in one or
more of the four replicate runs. The SEQUEST search was run allowing PTMs to occur
in BSA, but generally PTMs do not arise in BSA. Therefore, 9 of the 155 unique BSA
peptides were removed from the list. Another problem that occurred was that SEQUEST
incorrectly identified peptide pairs and, when manually searched, the majority of the
peptide pairs had mass spectral interference because the pairs were close to baseline, see
Figure 5.16, for example. This was problematic for the PITS algorithm because the

isotopic patterns couldn’t be distinguished and it was unclear if the mass spectral data
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was actually for a peptide pair. This problem produced 35 incorrectly identified peptides
and these were also removed from the list. Finally, two peptides that SEQUEST found
had four labels, and in this work there was no PITS model to fit this particular peptide
pair combination. After this preprocessing, a total of 105 unique peptide pairs were
retained. Out of the 105 unique peptide pairs, 22 were found at multiple charges. This
increased the list from 105 peptides pairs to 127 peptide peaks found. Out of the 127
peaks, there were 4 peaks corresponding to peptides that were quadruply charged and
these were removed from the list. After removing the quadruply charged peptides the list

had a total of 123 peaks corresponding to 105 unique BSA peptides pairs.
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Figure 5.16 An example of a peptide pair close to the baseline where the isotopic pattern
was not clear. The gray dots correspond to the mass of the light and heavy components
for the peptide indicated on the top of the plot.

Ultimately, when comparing the two lists to each other, the PITS list was reduced

to 418 peaks (535 minus 117) because the SEQUST list does not contain singly charged
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peptides. This is done to verify that the PITS algorithm found all of the 123 SEQUEST
peaks. This process compared four values between the two lists: (1) the detected mass of
the light component of the peptide pair, (2) the charge of the peptide pair, (3) the number
of labels in the peptide pair and (4) the scan number where the peptide pair was detected.
The tolerance for the mass difference was 0.3 units and if there was more than one
peptide from the PITS list that had a tolerance of less than 0.3, then the peptide that gave
the smallest difference was said to be the corresponding peptide. It was found that 93%
(114 of 123) SEQUEST peaks were found when compared to the PITS list. A total of 9
SEQUEST peaks were not found by the PITS algorithm. By manual inspection of these
peptide pairs, it was concluded that the peaks were not found because of the quality of the
mass spectral data. Figure 5.17 shows two examples of two different SEQUEST found
peptide pairs that were not found by the PITS algorithm and their corresponding Q;
values. It is clear the quality of the mass spectral data is inadequate, the isotopic patterns
are not clear and the Q;; values from the PITS algorithm are greater than the threshold of
0.10. The PITS algorithm would never be able to locate these peptide pairs unless the Q;
threshold was increased, but this would introduce more low quality mass spectral peptide

pairs unsuitable for quantitative measurement and more false positives.

The anticipated question that comes from these results is why is the number of
peaks in the PITS algorithm list much larger compared to the SEQUEST list. At present
the identity of the other peaks that the PITS algorithm finds is unclear, as are the reasons
they were not found by SEQUEST. One obvious reason for the lack of SEQUEST results
could be that no MS/MS scan was done for these detected peaks. However, a manual

search was done and, for the majority of the peaks found by PITS (excluding the singly
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Figure 5.17 The observed mass spectral response (black) and the predicted mass spectral

response (red) calculated for two peptide pairs not found by PITS algorithm. The
corresponding sequence and Q;; values for each peptide pair are inset.

charged peptides for which no MS/MS scan is done) at least one MS/MS scan was
completed at the appropriate mass near the time point that the PITS algorithm found the
peptide pair. The other obvious reason would be the presence of non-BSA peptide
contaminants in the samples, but when the SEQUEST search was done, it was also
searched against the sequence-reversed BSA data base and a data base with the 10 most
common protein contaminants with no significant identifications. Following this a
manual inspection of the majority of the unidentified PITS found peptide pairs was
carried out and it was confirmed that all of the identified peptide pairs fit a model well
and the ratio of the two components was close to unity. It is likely then that the MS/MS

data was of insufficient quality to identify the ions as BSA peptides. This is possible
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because the MS/MS scans were not always performed at the maximum of the
chromatography peak due to the limited duty cycle of the instrument. Beyond this, it is
difficult to perform a complete validation of the peaks identified by the PITS algorithm
because of the lack of a method that can identify all peptide pairs. However, it is felt that

all of the peaks indentified were valid peptide pairs.

5.5 Summary

The premise of this work was that the identification of peptides in proteomics by
mass spectrometry is limited by the duty cycle of the instrument required for MS/MS
analysis of the ions. Based on this, the PITS algorithm was applied to the replicate BSA
samples and it was demonstrated that even operating with MS/MS scans more peaks were
found with a single MS scan using the PITS algorithm than were identified through
SEQUEST using MS/MS data. The majority (114 of 123) of the SEQUEST peaks were
found by the PITS algorithm, in addition 421 more peaks were found. Of these, 117 were
singly charged peptides which may have limited utility in identification of peptides and
the rest were 304 unidentified peaks. It is expected that this will improve further when
dedicated mass spectral scanning is used without MS/MS analysis. However, MS/MS
(SEQUEST searching) is still necessary to positivity identify peptides. It is expected that
this high throughput method will be advantageous in proteomics studies especially where
differential expression of proteins is sought. Further work needs to be done on the PITS
algorithm, however using more complex mixtures like the yeast data set described in this
thesis. To date, preliminary studies have been carried out on the yeast data set, where

768 peptides pairs have been found but no extensive searches of the proteome have been
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done. These included 46 singly charged peptides (28 with one label and 18 with two
labels), 576 doubly charged peptides (196 with one label, 315 with two labels and 65
with three labels), and 136 triply charged peptides (80 with one label, 35 with two labels

and 21 with three labels).
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Chapter 6

Conclusions

6.1 Conclusions

The work presented in this thesis has described the development of an algorithm
to locate isotopically labelled peptide pairs to provide an approach for high-throughput
proteomic analysis. It is essential to improve the throughput of modern proteomic
experiments to make quantitative proteomics more routine, particularly for protein
biomarker discovery. In Chapter 1, the restrictions of traditional approaches to
quantifying isotopically labelled peptides were introduced. The challenge was presented
as being able to locate peptides without the need for MS/MS scans. The elimination of
MS/MS scans can lead to a number of potential enhancements to proteomic analysis,
including an increase in the number of MS scans, a reduction in separation time, improve
sample throughput, and the quantitation of more peptides. It was established that
quantitative proteomics has evolved from the 2D-PAGE approach to the LC-MS based
approaches which use isotopic labelling techniques, to distinguish peptides from different

cell states.

In Chapter 2, a detailed description of the most common isotopic labelling
techniques was presented, which included techniques that can be introduced to a peptide
or protein chemically, metabolically, enzymatically or by spiked synthetic peptide
standards. Label-free methods were also discussed in Chapter 2. It was concluded that a
chemically-based labelling technique was the best choice for this thesis. Stable-isotope

dimethyl labelling was chosen for this work because of its simplicity, low cost and
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overall performance. Chapter 3 provided the experimental details for the quantitative

proteomic experiments preformed in this thesis and details of data conversion.

In Chapter 4, a complete study on the effect of isotope labelling on retention
characteristics for the widely employed strategy of dimethyl labelling with H./D,
formaldehyde was performed. Isotopic effects on retention time were observed when
stable dimethyl labelling was employed for quantitative proteomic experiments. The
effect was small for the majority of peptide pairs investigated but can be substantial for
other cases. If there was a separation of the labelled peptides, the deuterium labelled
peptide eluted first. It was determined that the isotopic effect is larger than the effect
shown when labelling with ">C based reagents, but smaller when labelling with
deuterated ICAT reagents. The results from the computational studies were found to be
consistent with speculations that the magnitude of the isotopic effect was inversely
related to the polarity of the label. Excluding the one anomalous case observed, it was
shown that the isotopic effect on quantitation by single point methods was negligible
when compared to the measurement uncertainty. Therefore, stable-isotope dimethyl
labelling was deemed an appropriate labelling technique for quantitative proteomics and

should not be dismissed as suggested in the literature.

The development of an algorithm for the detection of dimethylated peptides was
described in Chapter 5. A number of strategies were employed, but the most promising
method for the detection of peptide pairs was the PITS method. The PITS algorithm is
based on a model that uses predicted isotopic patterns arising from labelled peptide pairs
and comparing these to experimental mass spectral patterns to locate and classify

appropriate peptide pairs in a mass chromatogram. PITS is a dynamic algorithm that
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adapts the model to changes in the mass-to-charge ratio and performs parallel
calculations for every iteration. It was demonstrated that the PITS algorithm is successful
in locating peptides pairs in the simple BSA protein and the extensively more complex
yeast proteome. When compared to traditional quantitative methods using replicate BSA
samples, it was demonstrated that the PITS algorithm found more peaks (using MS scans
only) than were identified by SEQUEST operating with MS/MS scans. Although, steps
have not yet been taken to fully optimize the algorithm, it was shown that the PITS
algorithm has the potential to be an effective tool in systems biology and improve
throughput in proteomic experiments. In contrast to traditional methods, the emphasis of
this proposed approach is peptide pair discovery followed by identification, rather than
identification followed by discovery. It is hoped that this proposed approach will provide
a new view towards quantitative proteomics and perhaps become the method of choice

for proteomic analysis in the years to come.

6.2 Future Work

With the development of the PITS algorithm described in this work and its
application to an appropriate isotopic labelling technique (stable-isotope dimethyl
labelling), there are a number of challenges ahead for the work presented in this thesis.
Besides the obvious challenge of quantitation, described later in this section, a number of
features of the PITS algorithm need to be optimized. First, the isotopic patterns need to
be extended to an appropriate mass spectral range to include more than just the first four
isotopic peaks as presented here. This will improve the selectivity and accuracy of the
PITS algorithm, allowing the algorithm to fit more molecular ions and provided an
improved quality fit parameter, particularly for higher mass ions and higher charge states.

98



This will also allow a second improvement, which is the conversion of the mathematical
model from two sub-window fits to a single window. This would make the model
contiguous and more robust than the current model. Third, a new method is required to
cluster results from the PITS algorithm so that single points identified can be merged into
a single chromatographic peak for a given peptide. In this work, a smoothing method
was used to identify points belonging to the same peptide detection event and replace
them with a single point. This method was unreliable and a majority of the time, manual
inspection was required. Finally, to detect replicate peptides in other experiments,
alignment of the chromatograms for replicate samples is needed. One possible method
for this would be the correlation optimized warping algorithm [116]. Once the alignment
is complete it should be possible to compile a coordinated list of detected peptide peaks

and determine whether or not they were really found in multiple replicate samples.

Perhaps most importantly, a dependable strategy is needed to perform relative
quantitation. This was one of the initial goals for this thesis, but the study on retention
characteristics of isotopically labelled peptides was essential to define the strategy for
quantitation. The expected strategy would be to find a ratio of the majority of the area for
both XICs of the light and heavy labelled peptide components. However, this is not an
easy task because the XICs for the components are not always clear and some type of
weighted average of the ratios across the chromatographic peak will be needed to
accomplish this. Additionally, there is also another weakness of the PITS algorithm that
has not yet been discussed. The PITS algorithm requires both labelled components of a
peptide pair to be detectable which, in the context of protein biomarker discovery, may

not always be the case. There are at least two strategies to deal with this. The first
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approach would be to use mixed labelling experiments, in which the test and reference
are present in both samples in different ratios (e.g. 10:1 and 1:10). This would provide
all the pertinent peptide information to locate every peptide when the labelling
experiment is done at a 1:1 ratio. The second strategy would entail combination
experiments involving ref/ref, test/test and test/ref samples. The first two experiments
would be used to detect the peptides, which are then sought in the third experiment.
Taking these two strategies into account, it is apparent that the PITS algorithm is a useful

strategy to improve quantitative proteomics.
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Appendix A
Procedure to Convert RAW File to mzXML File

Installing ReAdW

(1) Go to the Seattle Protome Center (SPC) wikipedia website for the ReAdW
software at
http://tools.proteomecenter.org/wiki/index.php?title=Software:ReAdW

(2) Go to the Sashimi Source Forge release website using the link from the SPC
website.

(3) Download ReAdW-4.3.1.zip from the Sashimi website.

(4) Download TPP_Setup v4 4 VUVUZELA rev l.exe from the Sashimi website.

(5) Go to Active State website at http://www.activestate.com/activeperl/downloads

(6) Download ActivePerl-5.12.4.1205-MSWin32-x64-294981 from ActivePerl
website.

(7) Install ActivePerl-5.12.4.1205-MSWin32-x64-294981

(8) Install TPP_Setup v4 4 VUVUZELA rev_l.exe

(9) Transfer all files from ReAdW-4.3.1.zip into the folder C:\Inetpub\tpp-bin

Running ReAdW
(1) Open Command Prompt on the computer.
(2) Find the directory that the RAW file is in that is to be converted.
(3) Convert RAW file using ReAdW in the command prompt using the input:
ReAdW --mzXML filename.raw_savename( = space)

Microsoft Windows [Uersion 6.1.760811
Copyright <c> Z0H? Microsoft Corporation. A1l rights reserved.

C=sUserssOunerrcd C:sUserssOunersDocuments“MATLAB-\Proteomics Project

Cj\Usgss\Owner\Dncuments\MHTLHB\PPDtenmics Project>RefAdW —mzXML Aon—1-Z.raw tes
tJune

Hcalibur 2.8 interface initialised.

{Thermo 1lib opened file Aon—1-2.vraw>

file version is 62, interface version iz 2.8 or greater

file zhould contain scan numbers 1 through 8204

(got computer name: OQUNER-FPC)

Calculating shal-sum of mzXML

——done (mz¥ML shal>:5%94fe31adB8136f138463866cfdbe4BB8d78d4F 480

C=sUserssOuwner~JDocuments“MATLAB“Proteomics Project>
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Appendix B
base64cvt.m MatLab® Code

function byteout=base64cvt(charlst)

b64codes=ones(122,1)*-1;
b64set=[65:90 97:122 48:57 43 47]';
b64vals=[0:63]';
b64codes(bb64set)=b64vals;

[pos]=find(charlst ~='=");
charlst = charlst(pos);
nchar=length(charlst);
nsets=floor(nchar/4);
nleft=nchar-nsets*4;
bytelst=[];

for i=1:nsets
indx=(i-1)*4+1;
charset=double(charlst(indx:indx+3));
hexset=uint8(b64codes(charset));
tmp 1=uint8(bitshift(hexset(1),2)+bitshift(hexset(2),-4));
tmp2=uint8(bitshift(hexset(2),4)+bitshift(hexset(3),-2));
tmp3=uint8(bitshift(hexset(3),6)+hexset(4));
bytelst=[bytelst uint8([tmp1 tmp2 tmp3])];

end

if nleft==2
charset=double(charlst(nchar-1:nchar));
hexset=uint8(b64codes(charset));
tmp 1=uint8(bitshift(hexset(1),2)+bitshift(hexset(2),-4));
bytelst=[bytelst uint8(tmp1)];

elseif nleft==3
charset=double(charlst(nchar-2:nchar));
hexset=uint8(b64codes(charset));
tmp 1=uint8(bitshift(hexset(1),2)+bitshift(hexset(2),-4));
tmp2=uint8(bitshift(hexset(2),4)+bitshift(hexset(3),-2));
bytelst=[bytelst uint8([tmp1 tmp2])];

end

byteout=bytelst;
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Appendix C
rawexportfull.m MatLab® Code

function [dat]=rawexportfull(mzXML,savename)

% mzXML and savename needs to be string variables

% mzXML is the filename of the file being exported

% savename is the filename that you want to save the data as

fid = fopen(mzXML,'r+"); % read in mzXML data file

main = textscan(fid,'%c',170000); main=main{1}";

[a,stop,c,d,tokens] = regexp(main,'<\?xmlversion="(.*?)</dataProcessing>");

header = tokens {1} {1,1};
main=main(stop+1:end);

[a, b, c, d, tokens] = regexp(header,'fileName="(.*?)"");
dat.fileName=tokens{1}{1,1};

[a, b, c, d, tokens] = regexp(header,'scanCount="(.*?)"");
dat.scanCount=str2num(tokens{1} {1,1});

ScanDone = 0;
FulCount=1;

while ~feof(fid) % end-of-file indicator
keepgoing=false;
[a, b, ¢, match] = regexp(main,' <scannum="(.*?7)</peaks>");
if isempty(match)
keepgoing = true;
end
while keepgoing
current = main;
TEMP = textscan(fid,'%c',20000);
TEMP=TEMP{1}";
current = [main, TEMP];
[a, b, ¢, match] = regexp(current,'<scannum="(.*?)</peaks>");
if length(match) ~=0
keepgoing = false;
end
if isempty(match) && isempty(TEMP)
keepgoing = false;
end
main = current;
end
[a, stop, ¢, match] = regexp(main,'<scannum="(.*?)</peaks>");
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nscan=length(match);
if nscan ~=0
for iscan = 1:nscan;

[a, b, c, d, tokens] = regexp(match{1,iscan},' msLevel="(.*?)"");
msLevel=str2num(tokens {1} {1,1});

[a, b, ¢, d, tokens] = regexp(match{1,iscan},'scanType="(.*?)"");
scanType=tokens{1}{1,1};

msLevelCheck=msLevel==1;
scanTypeCheck=strncmp(scanType,'Full',4);
if msLevelCheck && scanTypeCheck == true

[a, b, ¢, d, tokens] =
regexp(match{1,iscan},'compressedLen="0">(.*?)</peaks>");
rawdata=tokens{1}{1,1};
base64 = base64cvt(rawdata);
[row,col]=size(base64);
indx=[1:4:col-1];
for i = l:length(indx)
start2=indx(i); stop2=indx(i)+3;
DATA(1,1)=typecast(fliplr(base64(start2:stop2)),'single");
end

[a, b, c, d, tokens] = regexp(match{1,iscan},'scannum="(.*?)"");
curscan=str2num(tokens{1} {1,1});
dat.scanNum(1,FulCount)=curscan;

[a, b, c, d, tokens] = regexp(match{1,iscan}, retentionTime="PT(.*?)S"");
dat.rTime(1,FulCount)=str2num(tokens{1} {1,1});

dat.intensity(:,FulCount)=DATA([2:2:length(indx)));
FulCount=FulCount+1;
if FulCount ==
dat.massCharge(:,1)=DATA([1:2:length(indx)-1]);
end
end
end
ScanDone=ScanDone+nscan
main=main(stop(1,nscan)+1:end);
end
end
fclose(fid)
save(savename,'dat')
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Appendix D
Complete List of 71 BSA Peptide Pairs Used in Chapter 4

) Mass Mass Charge 4 of Ti{ne ‘
Peptide Sequence of of State | Labels Diff | Resolution
Light | Heavy (sec)

A.EFVEVTK.L 454.33 | 458.25 2 2 3.736 0.191
C.CAADDKEACFAVEGPK.L 618.00 | 622.00 3 3 0.930 0.060
C.FSALTPDETYVPK. A 762.41 | 766.41 2 2 4.142 0.089
D.FAEDKDVCK.N 598.33 | 604.33 2 3 11.26 0.535
F.HADICTLPDTEK.Q 728.41 | 732.33 2 2 10.01 0.293
F.LGSFLYEYSR.R 631.83 | 633.83 2 1 1.796 0.085
F.SALTPDETYVPK.A 688.91 | 692.83 2 2 2.489 0.109
F.SQYLQQCPFDEH.V 790.41 | 792.33 2 1 -0.415 -0.018
F.SQYLQQCPFDEHVK.L 612.33 | 615.00 3 2 5.255 0.188
F.TFHADICTLPDTEK.Q 568.66 | 571.33 3 2 2.858 0.195
F.YAPELLYYANK.Y 700.91 | 704.91 2 2 1.800 0.092
G.VFQECCQAEDK.G 735.33 | 739.33 2 2 4.418 0.182
H.ACYSTVFDK.L 573.83 | 577.75 2 2 0.276 0.015
H.ADICTLPDTEK.Q 659.83 | 663.83 2 2 1.698 0.098
H.CIAEVEK.D 452.75 | 456.75 2 2 14.97 0.409
K.AEFVEVTK.L 489.83 | 493.75 2 2 11.71 0.251
K.CCAADDKEACFAVEGPK.L 671.33 | 675.33 3 3 4.523 0.140
K.CCTESLVNR.R 583.83 | 585.83 2 1 2.890 0.096
K.DAIPENLPPLTAD.F 697.41 | 699.41 2 1 1.282 0.036
K.DAIPENLPPLTADFAEDK.D 671.41 | 674.00 3 2 1.485 0.074
K.DDPHACYSTVEF.D 670.33 | 672.33 2 1 1.426 0.072
K.DDPHACYSTVEDK.L 537.58 | 540.25 3 2 3.585 0.148
K.DDSPDLPK.L 471.75 | 475.75 2 2 11.65 0.145
K.DLGEEHFK.G 515.75 | 519.75 2 2 9.588 0.162
K.EACFAVEGPK.L 582.33 | 586.33 2 2 2.954 0.112
K.ECCDKPLLEK.S 688.33 | 694.33 2 3 6.934 0.254
K.ECCHGDLLECADDR.A 593.25 | 594.58 3 1 1.450 0.038
K.ECCHGDLLECADDRADLAK.Y | 576.75 | 578.75 4 2 -0.336 -0.025
K.EYEATLEECCAK.D 779.83 | 783.83 2 2 6.524 0.157
K.GACLLPK.I 407.75 | 411.75 2 2 3.367 0.090
K.HLVDEPQNLIK.Q 681.41 | 685.41 2 2 21.67 0.494
K.KQTALVELLK.H 61391 | 619.91 2 3 9.096 0.201
K.LFTFHADICTLPDTEK.Q 655.33 | 658.00 3 2 1.190 0.055
K.LGEYGFQNALL.I 57033 | 572.33 2 1 1.367 0.079
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. Mass Mass Charge # of Ti{ne .
Peptide Sequence of of State | Labels Diff | Resolution
Light | Heavy (sec)

K.LGEYGFQNALIVR.Y 754.41 | 756.41 2 1 2.021 0.081
K.LKPDPNTLCDEF.K 75291 | 756.91 2 2 0.801 0.042
K.LKPDPNTLCDEFK.A 554.33 | 558.33 3 3 7.831 0.271
K.LVNELTEFAK.T 610.33 | 614.33 2 2 8.935 0.184
K.LVTDLTK.V 423.33 | 427.25 2 2 5.814 0.243
K.QEPERNECFLSHK.D 433.25 | 435.25 4 2 4.894 0.138
K.QTALVELLK.H 535.83 | 539.83 2 2 5.703 0.183
K.SHCIAEVEK.D 564.83 | 568.83 2 2 1591 0.234
K.SLHTLFGDELCK.V 492.58 | 495.25 3 2 7.121 0.422
K. TVM*ENFVAFVDK.C 736.41 | 740.41 2 2 1.825 0.119
K. TVMENFVAFVDK.C 728.41 | 732.41 2 2 2.534 0.060
K.VPQVSTPTLVEVSR.S 770.50 | 772.50 2 1 0.176 0.013
K.YICDNQDTISSK.L 750.41 | 754.33 2 2 10.48 0.229
K.YLYEIARR 478.33 | 480.33 2 1 4.344 0.123
K.YNGVFQECCQAEDK.G 902.41 | 906.41 2 2 25.53 1.390
L.TPDETYVPK.A 553.33 | 557.33 2 2 2.811 0.106
L.VNELTEFAK.T 553.83 | 557.83 2 2 2.682 0.117
N.FVAFVDK.C 441.33 | 445.25 2 2 4.435 0.173
N.TLCDEFK.A 484.75 | 488.75 2 2 3.519 0.177
P.CFSALTPDETYVPK.A 842.50 | 846.41 2 2 3.490 0.121
Q.TALVELLK.H 471.83 | 475.83 2 2 1.748 0.092
Q.VSTPTLVEVSR.S 608.41 | 610.33 2 1 0.667 0.034
Q.YLQQCPFDEHVK.L 540.66 | 543.25 3 2 1.398 0.075
R.ETYGDMADCCEK.Q 767.83 | 771.83 2 2 2.283 0.102
R.FKDLGEEHFK.G 445.25 | 449.25 3 3 5.204 0.310
R.HPEYAVSVLLR.L 656.41 | 658.41 2 1 7.181 0.216
R.KVPQVSTPTLVEVSR.S 566.00 | 568.66 3 2 5.113 0.194
R.LCVLHEK.T 477.83 | 481.75 2 2 4.223 0.110
R.NECFLSHK.D 545.83 | 549.75 2 2 9.071 0.321
R.RHPEYAVSVL.L 599.83 | 601.83 2 1 0.803 0.040
R.RHPEYAVSVLLR.L 490.00 | 491.33 3 1 0.002 -0.019
R.RPCFSALTPDETYVPK.A 646.33 | 649.00 3 2 3.091 0.096
S.ALTPDETYVPK.A 645.41 | 649.33 2 2 1.660 0.098
T.ALVELLK.H 421.33 | 425.33 2 2 5.853 0.271
Y.FYAPELLYYAN.K 696.33 | 698.33 2 1 0.799 0.035
Y. FYAPELLYYANK.Y 77441 | 778.41 2 2 2.000 0.044
Y.GFQNALIVR.Y 523.33 | 525.33 2 1 0.860 0.050
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Appendix E
Complete list of 535 peptide pairs found by PITS

Scan Numbers Where PITS Found the Peptide Pair

Mass of Light | Charge State | # of Labels
Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4

402.4167 2 2 532 474 554 464
407.3333 2 1 571 495 603 505
414.75 2 1 808 683 874 706
421.4375 2 2 1040 927 1124 932
429.3958 1 1 876 778 951 803
438 3 1 1084 949 1179 953
440.75 2 1 1235 1106 1316 1095
441.3542 1 1 571 495 603 508
441.4167 2 2 815 697 882 723
442.3333 1 1 927 829 1005 841
449.9583 2 2 495 437 499 417
452.3333 2 1 578 504 611 513
452.9167 2 2 372 371 346 314
454.375 2 2 589 523 631 543
454.6875 3 2 828 676 869 703
455 3 2 864 724 932 754
458.3958 2 2 625 543 666 568
459.3542 2 1 1003 882 1088 897
459.6667 3 2 733 596 785 639
460.4167 2 2 1018 891 1104 905
460.75 2 1 1276 1127 1346 1107
471.25 2 1 808 681 874 706
472.8542 2 1 511 454 523 433
475.875 2 1 375 355 346 319
477.9167 2 2 571 495 607 508
478.4167 2 1 772 660 831 686
480.2708 2 1 842 720 913 746
481.3542 1 1 449 443 427 422
484.8542 2 2 671 561 713 591
485.9167 3 2 582 498 622 513
486.3333 1 1 564 520 586 525
489.8958 2 2 620 537 661 568
496.75 2 1 1068 949 1158 946
496.9167 2 2 752 614 808 645
504.7708 2 1 1090 967 1174 961

118




Scan Numbers Where PITS Found the Peptide Pair

Mass of Light | Charge State | # of Labels
Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4
508.6667 3 2 913 773 994 803
510.9167 2 2 302 284 261 268
514 3 1 868 726 942 756
514.4167 1 1 372 345 366 289
515.75 2 1 808 683 874 706
515.8333 2 2 544 484 581 474
518.9167 2 2 1058 933 1155 934
521.75 2 1 897 771 968 803
522.2708 2 1 1321 1161 1389 1144
524.3959 2 1 701 587 744 620
530.2708 2 1 1199 1071 1277 1064
534.9792 2 2 1232 1095 1318 1084
536.4376 2 2 1185 1054 1259 1053
537.6876 3 2 761 634 815 669
538.375 2 1 501 443 509 422
542.9167 2 2 1177 1031 1250 1027
543.2292 2 1 1276 1127 1344 1107
543.9584 2 3 496 437 499 418
545.8959 2 2 507 454 515 433
546.8333 2 1 726 598 777 636
553.9167 2 2 820 697 879 718
554.4167 1 1 571 495 603 506
555.375 1 1 1099 991 1183 991
562.3333 3 1 646 525 691 568
563.9167 2 2 452 411 460 378
568.6667 3 2 853 712 921 744
570.2708 2 1 1090 967 1175 961
573.4167 2 1 490 431 497 406
573.9167 2 2 745 630 799 657
576.4167 2 1 719 605 769 639
582.4167 2 2 649 544 693 575
584.3541 2 1 498 425 488 400
598 3 1 722 593 769 632
598.4792 1 2 1063 921 1140 936
599.8333 2 1 888 745 953 779
602 3 2 705 577 750 617
603.4167 1 1 371 323 368 296
608.4167 2 1 776 649 832 680
611.7292 3 2 863 720 933 749
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Scan Numbers Where PITS Found the Peptide Pair

Mass of Light | Charge State | # of Labels
Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4

612.3959 3 2 798 664 858 691
613.9376 2 2 1159 1018 1240 1015
614 2 3 1075 921 1140 932
617.4375 2 2 1148 1010 1232 1009
631.9167 2 1 1084 965 1172 967
645.4167 2 2 723 591 771 632
656.3124 3 2 754 647 843 677
656.4376 2 1 1084 954 1177 954
659.8959 2 2 654 537 698 573
662.75 3 3 787 639 840 671
665.4167 2 2 606 521 645 543
670.3124 2 1 838 722 904 748
671.4167 3 3 695 561 737 604
680.4376 2 2 876 734 952 762
681.9375 2 2 864 721 933 752
688.4376 2 3 521 460 538 445
688.9167 2 2 733 596 785 639
696.25 2 1 1367 1181 1426 1167
697.2708 2 1 999 860 1089 872
700.9167 2 2 1063 937 1156 937
706.9167 2 2 953 825 1044 840
716.4167 2 2 1060 932 1152 932
727.4167 1 1 1120 1001 1205 1001
735.375 2 2 409 374 402 327
750.9167 2 2 494 427 501 402
752.4792 1 2 299 342 204 318
756.7709 2 1 744 612 798 647
758.4167 2 2 438 381 445 337
762.4792 2 2 913 773 989 803
770.4167 2 1 868 726 941 756
779.9167 2 2 589 504 638 527
784.3334 1 1 1153 1030 1237 1024
805.9167 2 2 761 633 815 667
814.5 1 2 588 524 625 543
830.9792 2 3 888 743 967 779
842.4167 2 2 972 831 1050 844
846.5 2 2 1018 879 1107 893
857.4167 2 2 744 618 797 650
879.8125 2 1 827 698 893 722
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Scan Numbers Where PITS Found the Peptide Pair

Mass of Light | Charge State | # of Labels
Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4
902.4167 2 2 706 577 751 618
903.3959 2 2 749 624 792 655
913.4167 2 2 844 708 913 739
983.9167 2 2 778 647 843 679
401.8333 2 1 NaN 911 1116 922
424.25 2 1 830 674 NaN 702
445.4167 3 3 741 NaN 792 643
459.3611 3 2 NaN 764 979 796
459.75 2 2 564 NaN 603 509
483.3889 3 1 1145 977 1232 NaN
485.3611 2 2 NaN 626 793 654
497.2778 2 1 1052 933 NaN 936
503.9167 2 1 236 296 NaN 278
515.4167 2 1 666 NaN 709 585
515.4167 1 1 837 672 NaN 700
533.3333 2 1 482 426 NaN 400
540.75 3 2 747 622 801 NaN
541.3611 2 1 1001 878 NaN 893
541.9167 2 1 1301 1144 NaN 1124
546.4167 1 1 422 394 NaN 361
551.25 2 1 1075 958 NaN 953
553.4167 2 2 448 408 458 NaN
565.3889 1 1 569 NaN 596 518
570.6945 3 2 NaN 816 1039 831
570.75 2 1 NaN 982 1192 980
577.3889 3 2 549 NaN 573 481
579.25 1 1 506 454 NaN 436
582.9167 2 2 NaN 580 739 617
591.5 2 2 1337 1165 NaN 1152
592.6667 3 1 746 617 799 NaN
593.3333 3 1 NaN 548 708 577
596.3611 1 1 295 371 NaN 336
598.4167 2 3 NaN 284 259 268
600.3611 3 2 859 717 927 NaN
603.75 2 1 NaN 1263 1529 1257
605.4167 1 1 538 480 NaN 468
609.4445 3 2 844 708 NaN 739
615.3333 1 1 569 513 590 NaN
617.4167 1 1 584 498 622 NaN
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Scan Numbers Where PITS Found the Peptide Pair

Mass of Light | Charge State | # of Labels
Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4

621.8333 2 1 1026 896 NaN 907
622.4167 1 1 833 677 890 NaN
627.4445 3 3 1029 878 1121 NaN
654.3333 1 1 NaN 432 454 406
663.0555 3 2 NaN 712 922 744
671.75 3 3 NaN 577 765 624
693.9167 2 2 578 NaN 615 521
710.3333 1 1 819 715 NaN 739
727.4167 2 2 727 595 NaN 635
734.3611 2 2 646 NaN 688 564
740.3333 3 2 NaN 874 1107 891
746.4167 2 2 NaN 1008 1238 1008
756.3611 1 1 841 NaN 908 744
768.3333 1 1 793 NaN 852 701
769.4167 2 2 NaN 867 1091 882
775.3611 2 2 NaN 341 337 300
786.9167 2 2 NaN 577 751 619
817.4167 1 1 423 NaN 397 364
848.5 2 2 NaN 726 949 756
880.4167 1 1 NaN 1106 1315 1091
887.3333 1 1 1047 NaN 1134 927
889.3333 2 1 NaN 547 705 581
969 2 2 NaN 818 1066 834
1025.583 1 1 NaN 1192 1430 1179
1110 2 2 NaN 875 1108 890
409.75 2 2 NaN 922 1139 936
412.5 2 2 717 577 763 NaN
412.25 2 2 678 NaN 720 NaN
448.7083 3 2 511 449 NaN NaN
448.9167 3 2 NaN NaN 849 NaN
478.4167 2 2 NaN 210 NaN 191
478.4167 2 2 NaN NaN 639 NaN
569.8611 2 2 203 298 NaN 279
569.9167 2 2 NaN 771 NaN NaN
616 3 2 NaN 914 NaN 925
616 3 2 NaN NaN 1325 NaN
646.5833 3 2 NaN 865 NaN 882
646.5833 3 2 1378 NaN NaN NaN
658.4167 1 1 NaN 846 1032 NaN

122




Scan Numbers Where PITS Found the Peptide Pair

Mass of Light | Charge State | # of Labels
Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4

658.4167 1 1 591 NaN 628 NaN
661.4167 3 2 NaN 795 NaN 819
699.4584 2 2 NaN 1143 NaN 1122
738.8889 2 2 504 435 NaN 414
738.9167 2 2 NaN NaN NaN 1087
749.3333 1 1 NaN 1106 1315 1091
749.3611 1 1 NaN 1161 1390 1144
749.3334 1 1 NaN NaN 1481 NaN
767.8333 2 2 NaN 433 507 409
1006.417 2 2 NaN 1054 1278 1047
405.75 2 1 808 NaN 874 NaN
412.1667 3 3 NaN 544 NaN 578
416.125 3 3 644 523 NaN NaN
430.4167 2 2 NaN 273 NaN 266
430.6667 3 2 723 NaN 772 NaN
439.75 2 1 NaN 1070 NaN 1065
449 3 2 833 677 NaN NaN
458.75 2 2 659 NaN 701 NaN
463.9583 2 3 449 NaN 453 NaN
470.875 2 2 NaN 838 1042 NaN
479.4583 2 2 478 NaN 479 NaN
486.75 3 2 NaN NaN 763 620
491.4167 1 1 NaN 882 NaN 897
492.3333 2 1 NaN 1010 NaN 1007
493 3 2 NaN NaN 1374 1086
493.8333 2 1 NaN 210 NaN 196
497.4167 2 2 NaN 712 NaN 740
498.0833 3 2 NaN 1008 1238 NaN
500.6667 3 2 NaN NaN 423 337
506.8333 2 2 520 NaN 538 NaN
509.3333 1 1 NaN 312 NaN 323
516.4167 1 1 NaN 598 NaN 630
516.6667 3 2 1423 NaN 1481 NaN
529.875 2 1 NaN 625 NaN 650
531.4167 2 1 NaN 294 NaN 276
532.2916 2 1 NaN 965 NaN 961
561.8333 2 1 NaN 961 NaN 956
562.9167 2 2 NaN 869 NaN 886
566.3333 3 2 940 NaN NaN 813
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Scan Numbers Where PITS Found the Peptide Pair

Mass of Light | Charge State | # of Labels
Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4
566.875 2 2 NaN 468 NaN 452
572.875 2 2 NaN 278 NaN 264
573.8333 2 1 NaN 1101 NaN 1087
590.4167 1 1 NaN 1066 NaN 1060
605.4167 2 2 712 NaN NaN 633
607.4167 1 1 514 213 NaN NaN
612.7084 3 2 NaN 715 NaN 746
613.4167 1 1 NaN 965 NaN 961
614.4167 1 1 NaN 776 NaN 803
622.4167 2 2 421 NaN NaN 335
622.75 2 1 NaN 979 NaN 977
637 3 1 NaN 815 NaN 833
639.2916 2 1 NaN 1201 NaN 1197
639.7916 2 1 NaN 890 NaN 905
641.0833 3 3 746 621 NaN NaN
648.4167 3 2 864 720 NaN NaN
651.6667 3 2 NaN 810 1030 NaN
653.4167 1 1 569 NaN 603 NaN
654.3333 3 3 689 NaN NaN 601
661.9167 2 2 NaN 378 NaN 334
668.9167 2 2 NaN 252 NaN 253
670.75 3 3 NaN 626 NaN 660
674.4167 1 1 NaN 288 NaN 266
677.9167 2 2 NaN 1078 NaN 1069
680.2916 2 1 NaN 875 NaN 891
687.4167 2 3 660 NaN 702 NaN
704.9167 2 2 560 NaN 595 NaN
733.375 1 1 NaN 861 NaN 878
734.4584 2 1 NaN 922 NaN 941
752.9167 2 2 969 NaN NaN 840
762.3334 1 1 NaN 854 NaN 870
774.4167 1 1 NaN NaN 580 481
809.7917 3 3 NaN 1175 1405 NaN
813.4584 1 1 NaN NaN 607 506
853.4167 3 3 1306 NaN 1344 NaN
862.4167 1 1 NaN 1258 NaN 1260
955.4167 1 1 NaN 649 NaN 675
966.9584 2 2 NaN 965 NaN 961
1019.417 1 1 NaN 1091 NaN 1080
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Mass of Light

Charge State

# of Labels

Scan Numbers Where PITS Found the Peptide Pair

Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4
1078.5 1 1 970 NaN 1049 NaN
1090.5 1 2 NaN 454 NaN 435
415.875 2 2 577 NaN 608 NaN
415.75 2 2 NaN NaN 797 NaN
444.9167 2 2 NaN 189 NaN 196
444.9167 2 2 NaN 296 NaN 279
4449167 2 2 NaN NaN NaN 138
529.25 2 1 NaN NaN 1522 NaN
529.4167 2 1 NaN NaN NaN 269
540.2916 2 1 NaN 298 NaN 277
553.5 3 3 1436 NaN NaN NaN
553.5 3 3 NaN 857 NaN NaN
584.75 3 1 1444 NaN NaN NaN
584.75 3 1 NaN 938 NaN NaN
613.6667 2 1 NaN 1039 NaN 1032
613.75 2 1 NaN NaN NaN 903
682.9584 2 1 NaN 1218 NaN 1216
839.375 1 1 NaN NaN 712 591
839.4167 1 1 NaN NaN NaN 519
401.8333 2 2 292 NaN NaN NaN
408.3333 1 1 NaN 308 NaN NaN
408.3333 2 2 NaN 570 NaN NaN
409.25 2 1 NaN NaN 395 NaN
409.75 3 3 1063 NaN NaN NaN
410.3333 2 1 NaN NaN 515 NaN
411.8333 2 2 NaN 754 NaN NaN
415.6667 3 3 758 NaN NaN NaN
425.25 2 1 NaN 1127 NaN NaN
437.3333 1 1 NaN NaN NaN 314
439.4167 1 1 NaN 640 NaN NaN
439.4167 2 2 NaN NaN 808 NaN
443.5833 3 1 NaN 517 NaN NaN
445.5 2 2 NaN 610 NaN NaN
450.3333 2 1 NaN 403 NaN NaN
452.9167 2 1 NaN NaN 401 NaN
458.0833 3 1 NaN NaN 523 NaN
460.3333 2 1 NaN NaN NaN 302
462.8333 2 2 NaN NaN NaN 495
464.0833 2 2 NaN NaN 679 NaN
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Scan Numbers Where PITS Found the Peptide Pair

Mass of Light | Charge State | # of Labels
Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4

468.3333 2 1 NaN 513 NaN NaN
469.75 2 1 763 NaN NaN NaN
483.4167 2 1 NaN NaN NaN 1008
484.8333 2 1 NaN NaN NaN 777
485.4167 1 2 1059 NaN NaN NaN
485.4167 2 1 NaN NaN NaN 770
486.4167 3 2 651 NaN NaN NaN
488.9167 2 2 NaN 435 NaN NaN
501.5 3 2 1321 NaN NaN NaN
502.3333 1 1 565 NaN NaN NaN
506.8333 2 1 NaN NaN NaN 705
507.3333 1 1 NaN NaN NaN 423
510.8333 2 3 NaN NaN 1177 NaN
511.6667 3 2 NaN NaN NaN 1010
514.8333 2 2 622 NaN NaN NaN
516.25 2 1 NaN 721 NaN NaN
520.25 3 2 NaN NaN 632 NaN
520.4167 2 1 NaN 1241 NaN NaN
525.3333 3 1 NaN NaN NaN 500
532 3 1 738 NaN NaN NaN
535.4167 2 2 NaN 737 NaN NaN
538 3 2 NaN NaN 860 NaN
538.8333 2 1 NaN NaN NaN 495
543.75 2 1 NaN 1150 NaN NaN
548.3333 2 1 NaN 863 NaN NaN
552.9167 2 2 NaN NaN 1375 NaN
557.3333 1 1 NaN 790 NaN NaN
557.6667 3 1 NaN NaN 1150 NaN
559 3 3 NaN NaN 1148 NaN
562.9167 3 1 NaN 570 NaN NaN
576.9167 2 1 NaN NaN NaN 648
577.1667 3 3 NaN NaN 1140 NaN
577.6667 3 2 NaN NaN NaN 492
578.3333 1 1 NaN NaN NaN 314
580.4167 1 1 NaN 279 NaN NaN
580.4167 2 1 NaN 1171 NaN NaN
583.25 2 1 NaN 1056 NaN NaN
583.3333 2 2 NaN NaN NaN 439
583.4167 3 2 NaN 673 NaN NaN
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Scan Numbers Where PITS Found the Peptide Pair

Mass of Light | Charge State | # of Labels
Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4
584.4167 2 2 NaN 628 NaN NaN
590.3333 3 1 NaN NaN 1542 NaN
593.1667 3 3 NaN NaN 1295 NaN
593.4167 1 1 NaN NaN 380 NaN
598.5833 3 1 647 NaN NaN NaN
599.4167 1 1 NaN 798 NaN NaN
599.4167 2 2 NaN 896 NaN NaN
600.4167 2 1 1173 NaN NaN NaN
604.75 2 1 NaN 901 NaN NaN
612.1667 2 1 NaN NaN 1527 NaN
622.3333 2 1 NaN 873 NaN NaN
624.3333 2 2 NaN NaN 702 NaN
632.75 3 3 729 NaN NaN NaN
635.3333 2 1 NaN 313 NaN NaN
636.5833 3 2 NaN 634 NaN NaN
641.4167 1 1 NaN NaN NaN 822
641.9167 2 3 NaN NaN 757 NaN
642.9167 2 3 NaN NaN NaN 495
647.4167 1 1 NaN NaN NaN 317
651 3 2 NaN 927 NaN NaN
656.5833 3 2 NaN 695 NaN NaN
660.3333 2 1 NaN 1083 NaN NaN
660.75 3 2 NaN NaN 1408 NaN
664.8333 2 1 NaN 517 NaN NaN
669.4167 1 1 NaN 999 NaN NaN
671.8333 2 2 719 NaN NaN NaN
672.25 2 1 NaN 931 NaN NaN
675.3333 2 1 767 NaN NaN NaN
676.3333 2 1 NaN NaN NaN 347
677.3333 1 1 NaN NaN NaN 654
680.6667 3 2 NaN NaN 1023 NaN
687 2 2 1160 NaN NaN NaN
698.4167 2 1 NaN NaN NaN 906
701 3 2 NaN NaN 1373 NaN
709.9167 2 1 NaN 1083 NaN NaN
713.3333 1 1 941 NaN NaN NaN
715.3333 1 1 NaN NaN NaN 1066
720.75 2 1 NaN 1322 NaN NaN
722.75 3 2 NaN NaN 1464 NaN

127




Scan Numbers Where PITS Found the Peptide Pair

Mass of Light | Charge State | # of Labels
Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4

729.4167 1 1 NaN NaN NaN 550
736.9167 2 2 NaN NaN NaN 1119
747.3334 3 3 1254 NaN NaN NaN
757.4167 1 1 NaN NaN NaN 706
763.9167 2 2 554 NaN NaN NaN
767.4167 1 1 NaN NaN NaN 878
768.8334 3 3 1268 NaN NaN NaN
770.4167 2 2 NaN 803 NaN NaN
774.8334 3 2 NaN NaN 1532 NaN
774.8334 2 2 NaN NaN NaN 493
778.4167 1 1 NaN NaN NaN 649
779.3334 2 1 NaN NaN 825 NaN
786.5 3 2 NaN NaN 1406 NaN
791.3334 1 2 NaN NaN NaN 874
796.4167 1 1 NaN 445 NaN NaN
798.4167 2 1 1361 NaN NaN NaN
808 2 2 NaN NaN NaN 941
810.3334 1 1 NaN NaN NaN 706
827.3334 1 1 NaN NaN NaN 947
828.3334 1 1 NaN 687 NaN NaN
830.4167 1 1 NaN NaN NaN 998
841.4167 1 1 NaN NaN NaN 724
845.5834 1 2 536 NaN NaN NaN
858.4167 1 1 NaN NaN NaN 280
859.4167 1 1 NaN 647 NaN NaN
868.4167 1 1 NaN NaN NaN 883
885 2 1 NaN 1256 NaN NaN
893.9167 2 2 NaN 642 NaN NaN
906.3334 1 1 NaN 923 NaN NaN
906.8334 3 3 1331 NaN NaN NaN
954.5 1 2 NaN 496 NaN NaN
968.4167 1 2 NaN NaN NaN 593
978.5 1 2 NaN NaN NaN 572
992.4167 1 1 1068 NaN NaN NaN
1006.5 2 3 NaN NaN NaN 605
1028.333 1 1 NaN 873 NaN NaN
1038.333 1 1 NaN NaN 1198 NaN
1128.5 1 2 NaN NaN NaN 296
451.4167 1 1 NaN 577 NaN NaN
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Scan Numbers Where PITS Found the Peptide Pair

Mass of Light | Charge State | # of Labels
Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4

896.4167 1 1 NaN NaN NaN 951
896.4167 1 1 NaN NaN NaN 1018
403.4167 1 1 372 323 369 296
403.3333 1 1 NaN NaN 432 NaN
407.9167 2 2 586 530 625 547
413.25 1 1 372 323 369 296
418.375 1 1 402 413 381 384
418.3333 1 1 NaN 514 NaN NaN
423.4167 2 2 538 480 560 466
423.7708 2 1 518 462 532 439
429.8333 2 1 253 301 205 282
435.3333 2 1 1050 922 1135 928
435.3333 2 1 NaN 404 NaN NaN
444.3333 2 1 547 485 575 477
444.25 2 1 1049 922 1135 928
448.75 2 1 1068 950 1157 949
448.8333 2 1 NaN NaN NaN 1092
457.3333 3 1 848 703 NaN NaN
459.4167 2 2 525 460 538 444
471.8958 2 2 335 348 271 301
471.9792 2 2 1180 1039 1254 1033
490.0833 3 1 1112 919 1174 936
492.6667 3 2 1177 1023 1252 1013
492.7083 3 2 1425 1239 1478 1231
510.2708 2 1 1224 1091 1300 1078
510.3333 2 1 271 298 NaN 279
510.3611 2 1 NaN 390 417 353
512 3 2 383 355 378 300
513.3541 2 1 1361 1192 1432 1182
513.25 2 1 NaN 1261 1529 1257
519.3333 2 2 793 663 851 695
519.4167 2 2 480 NaN NaN 393
521.4167 2 2 682 570 723 604
521.4167 2 2 NaN 279 NaN 265
523.4167 2 1 885 750 958 781
523.2292 2 1 737 620 791 648
523.9167 2 1 939 827 1017 842
523.9167 2 1 NaN 744 NaN 775
523.9167 2 1 NaN 311 305 NaN
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Scan Numbers Where PITS Found the Peptide Pair

Mass of Light | Charge State | # of Labels
Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4
530.4167 1 1 1357 1192 1429 1179
530.4376 1 1 1063 921 1143 936
532.4167 1 1 372 322 369 296
533.9376 3 3 966 808 1034 824
534.125 3 3 861 NaN 929 NaN
535.9792 2 2 1112 991 1210 991
546.3333 2 2 581 NaN 614 513
546.3333 2 2 NaN 472 563 458
554.3958 3 3 890 743 966 779
554.7292 3 3 861 720 930 750
554.75 3 3 980 823 NaN 837
564.9167 2 2 369 320 368 296
566.0208 3 2 870 728 948 756
566.0416 3 2 1142 NaN 1146 NaN
583.9167 2 1 427 389 429 350
583.8333 2 1 NaN 288 NaN 272
602.3333 3 2 717 585 765 624
609.9167 2 2 523 462 538 444
609.9167 2 2 690 564 733 604
610.4792 2 2 962 836 1049 851
610.9584 2 2 927 816 1011 831
610.9584 2 2 1008 878 1093 895
613 2 3 1200 1065 NaN 1063
613.0833 2 3 1390 NaN 1452 NaN
628.7292 2 1 1119 991 1199 984
628.6667 2 1 NaN 466 NaN NaN
629.5 1 1 1358 1192 1430 1182
629.4584 1 1 NaN 922 NaN 940
636.3333 1 1 1236 1104 1315 1095
636.75 2 1 1012 882 1100 895
636.75 2 1 NaN NaN NaN 985
637.4375 1 1 299 348 206 318
637.3333 1 1 NaN 556 NaN NaN
646.3333 3 2 984 823 1064 835
646.3124 3 2 1227 1096 1271 1074
655.4167 3 2 1389 1210 1441 1206
655.4167 3 2 NaN 1068 1323 1063
671.3125 3 2 1268 1054 1278 1047
681.5 2 2 829 676 870 703
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Scan Numbers Where PITS Found the Peptide Pair

Mass of Light | Charge State | # of Labels
Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4

704.4167 1 1 538 481 559 469

717.5 1 1 486 448 492 426
717.4167 1 1 NaN 225 NaN 198
724.4167 2 2 703 579 749 619
724.4167 2 2 943 NaN NaN NaN
726.3333 1 1 369 322 376 296
726.3333 1 1 NaN 741 NaN NaN
728.4792 2 2 1433 1242 1493 1236
728.4167 2 2 582 498 NaN 513
728.4722 2 2 NaN 1171 1441 1159

728.5 2 2 NaN 1057 NaN NaN
728.9584 2 2 1309 1141 1379 1119
728.9722 2 2 1383 1199 NaN 1192
728.9584 2 2 NaN 1307 NaN 1304
728.9167 2 2 NaN NaN NaN 572
736.4375 2 2 1075 949 1164 944
736.4167 2 2 NaN NaN NaN 1156
736.4167 2 2 NaN NaN NaN 1240
738.4376 2 2 1184 1019 1251 1013
738.4167 2 2 1429 1240 1481 1234
750.4167 2 2 468 408 467 372
750.4167 2 2 NaN 456 NaN 439
754.4584 2 1 1221 1061 1288 1055
754.5209 2 1 1316 1148 1367 1127
754.9584 2 1 1154 1015 1236 1013
754.9792 2 1 1268 1099 1335 1085
774.4792 2 2 1423 1223 1483 1226

774.5 2 2 NaN 1163 NaN 1148
848.0834 3 3 1327 1152 1363 1142
848.0834 3 3 NaN 1052 NaN NaN
902.9167 2 2 717 582 764 623
902.9167 2 2 NaN 628 813 NaN
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