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Abstract

Two popular workflows exist for quantitative proteome analysis: two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE), with staining to visualize proteins, and
multidimensional solution phase separations of isotopically labelled peptides coupled to
mass spectrometry (MS). However, the development of an alternative strategy, which
combines easy-to-read differential profiling as seen in 2D-PAGE, with the sensitivity of
MS for detection and identification, is needed. This thesis presents work towards the
development of a workflow for high-throughput protein biomarker discovery.

Multidimensional separations are vital to obtain sufficient fractionation of
complex proteome mixtures. As a first dimension of separation, ion exchange
chromatography (IEC) is a common choice, though it has yet to be thoroughly evaluated
in terms of its effectiveness as a proteome prefractionation tool. This study used a defined
set of protein standards to establish the resolution and proteome yield obtained through
IEC. The evaluation uncovered significant bias in terms of protein recovery and
separation.

To improve throughput of a multidimensional separation strategy, a multiplexed
(8-column) reversed phase liquid chromatography (RPLC) platform was constructed. The
system design allowed for even distribution of flow across all columns with limited
cross-loading during sample loading. This system was directly coupled to matrix-assisted
laser desorption/ionization (MALDI) through a novel well plate device. The Teflon wells
allowed for high recovery and no cross-contamination during collection/spotting,
improved throughput, and greatly reduced the number of sample manipulation steps.

An evaluation of MALDI MS, using the ThermoFisher vMALDI LTQ, for
quantitative profiling was performed, employing the multiplexed LC-MALDI platform.
The use of MALDI MS allowed for fast (< 5.5 hours) acquisition of quantitative data
from isotopically differentiated samples partitioned over 640 fractions from two-
dimensional LC. Proteins comprising 0.1% of the proteome were detected and quantified
using this method.

Finally, the effects of varying concentrations of acetonitrile (ACN) upon the
products generated from tryptic digestions were explored. Poor enzymatic efficiency in
80% ACN was found to be responsible for an increased concentration of peptides
containing missed cleavage sites. These peptides often contained unique amino acid
sequences, which were not detected from complete digestions, resulting in improved
protein sequence coverage following MS analysis.
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Chapter 1

Introduction

1.1 Overview

Proteomics is a field of study which depends upon effective sample preparation
strategies and sensitive instrumentation for the characterization of complex biological
samples. Among the many objectives of proteomics, the discovery of novel protein
biomarkers has been a major driving force in the development of proteome
characterization methodologies [1-3]. Mass spectrometry (MS), in particular, has become
indispensable for proteome characterization, owing to its speed, selectivity, and
sensitivity [4, 5]. Also, given the complexity of the proteome, extensive sample
manipulation, including proteome prefractionation, must be performed prior to protein
identification through MS [6]. The set of tools and techniques available to the proteomics
researcher is referred to as the proteomics toolbox [7]. Expanding the proteomics toolbox
not only necessitates an optimization of current technologies, but also the development,
evaluation, and optimization of novel technologies. This need is particularly pressing
when considering the throughput of a modern proteomics analysis experiment. Shorter
analysis times than what is currently achieved with existing technologies is critical to
advancing proteomics as a routine experiment, especially in the context of protein
biomarker discovery. In this introductory chapter, the goals and challenges of modern
proteomics will be introduced. An overview of the current proteomics workflows
employed for comparative quantitative proteomics analysis is presented, highlighting

separation technologies for fractionation of the proteome and the basic principles of MS-



based proteomics.

1.2 Proteomics

1.2.1 The Unique Challenges of Proteomics

The completion of the human genome project [8, 9], along with the genomes of an
increasing number of other species [10-13], revealed a genome that was much simpler
than originally predicted. Thus, the underlying mechanisms of cellular function are more
complex than imagined and a direct study of gene products may establish the functional
role of proteins in the cell, and further our understanding of how biological systems work.
However, the analysis of organisms at the protein level presents a variety of unique
analytical challenges, many of which still need to be overcome.

A proteome contains a wide diversity of unique proteins ranging in physical and
chemical properties and are present over a large concentration dynamic range [14, 15]. A
typical proteome may contain thousands, to tens of thousands of unique proteins. In more
complex eukaryotic organisms, such as humans, which contain around 20,000 to 25,000
genes, alternative splicing of RNA precursors following transcription results in the
translation of several different protein isoforms, further increasing the complexity of the
sample [16]. Combined with a large number of possible post-translational modifications
(PTMs) [17], the number of unique proteins which may comprise the proteome of
complex organisms may be upwards of one million [18]. This incredible number of
proteins expressed in the proteome presents a difficult analytical challenge as not all
proteins are amenable to separation or analysis. Hydrophobic proteins, for example, being

critical components of cellular membranes, are considered more difficult to manipulate in



solution due to their poor solubility in water [19].
1.2.2 The Goals of Proteomics

In general, proteomics is the holistic study of the proteins expressed by an
organism, referred to as the proteome [20]. This includes characterizing the proteome in
terms of structure, function, and expression level, be that over time or under particular
conditions of biological stress [21]. On a practical level, one of the major goals of
proteomics is to provide useful information to medical practitioners about the
mechanisms of human diseases (e.g., cancer), with a long term objective of developing
improved methods for disease diagnosis and treatment. Although easy to generalize, the
realization of this objective often requires an accumulation of knowledge derived from
various aspects of proteomics analysis, with each having its own specific objectives.

The areas of study within proteomics are fairly diverse in scope. For instance,
considering the function of proteins, the study of protein-protein interactions as well as
their role in metabolic and signal pathways is critical to understanding how proteins carry
out biological processes [22-24]. Structural analysis of proteins through X-ray
crystallography, nuclear magnetic resonance (NMR) [25-33], or mass spectrometry [34-
37] allows insights into how the higher order folding of a protein is correlated to its
function. The identification and localization of protein PTMs is critical to understanding
the changing function of a protein as these are often responsible for regulating metabolic
pathways as well as a host of other biological functions [38, 39, 39-42].

1.2.3 Biomarker Discovery
Expression proteomics is an area of considerable interest in the field as it has

direct implications in the development of disease diagnostics and treatment [43-54].



Expression proteomics involves monitoring the changing level of protein concentration
which manifests as a consequence, or as causality, to a change in the environment of the
organism, a stage of growth or, most importantly, a disease state. Expression proteomics
attempts to identify those proteins whose expression level correlates to the physiological
state of the organism, and as such, may be useful indicators of this state. Proteins which
can be used as identifiers of a given state are referred to as protein biomarkers, and may
include a single protein or multiple proteins.

Considering the complexity of the proteome, improved methods of analysis are of
critical importance to realize the goals of proteomics. As already mentioned, the
methodologies employed in proteomics vary depending on the objectives of the
experiment. The analysis scheme used to study the proteome is referred to as the
proteomics workflow. The following sections will highlight the two most common

proteomics workflows used in the context of expression proteomics.

1.3 The Proteomics Workflow

The proteomics workflow refers to the collection of experimental techniques and
instruments used as a means of acquiring knowledge related to a particular goal of
proteomics analysis. Expression proteomics entails the determination of protein
concentration and is typically conducted in a comparative scheme. Thus, one may
compare the proteome of a given organism under two physiological conditions; the
healthy (control) state versus the diseased (test) state of the organism. The goal of this
experiment is to determine the change in expression of proteins between the two states.

Several workflows have been devised for conducting expression proteomics analysis. In



general, the majority of these proteomics workflows incorporate one or two stages of
protein prefractionation followed by tandem mass spectrometry for protein identification
(peptide sequencing). Enzymatic digestion of the proteome, as well as staining or
labelling techniques which permit relative comparison of the two proteome states, are
critical aspects of these workflows. A schematic outlining the stages of two distinct
workflows for comparative proteomics analysis is provided in Figure 1.1.

Workflow “A” uses a gel-based approach which involves the multidimensional
separation of proteins through two-dimensional polyacrylamide gel electrophoresis (2D-
PAGE), the details of which will be discussed later in this chapter. Visualization of the
proteins within the gel through various staining methods is used to compare the proteome
profiles of a control and test sample. Proteins of interest can be enzymatically digested
and extracted from the gel for identification using MS-based peptide mass fingerprinting
or peptide sequencing. In contrast to this gel-based workflow, workflow “B” employs a
solution-based, peptide level analysis which involves the enzymatic digestion of the
proteome prior to multidimensional liquid chromatography (MDLC) separations and MS
peptide sequencing. Relative quantitation between and test and control sample is afforded
by MS detection and can be performed through differential isotopic labeling at either the
protein or peptide level.

The workflows outlined above for comparative proteome profiling clearly make
use of distinct technologies to acquire knowledge about the biological system. It is noted,
however, that the role of mass spectrometry is indispensable to both comparative
workflows. Due to its importance, a review of mass spectrometry instrumentation and

strategies for protein identification through MS will first be presented. Following this, a



Test Control
2D-PAGE 2D-PAGE

Visualization 4_' Visualization

l Comparison l

In-gel digestion/ In-gel digestion/
Peptide extraction Peptide extraction

l l

MS peptide fingerprinting /
peptide sequencing

l

Data analysis

Figure 1.1 Two workflows used for expression proteomics analysis. They employ
either (A) a gel-based approach using protein level separation followed by
visualization and comparison of test and control samples, with in-gel digestion and
LC-MS/MS analysis of the extracted peptides, or (B) a solution-based approach, with
peptide level separations, coupled directly to MS/MS peptide sequencing following a

Test Control
l l
Light tag Heavy tag
N/
Mix
l
Digestion

l

Multidimensional LC
(IEC-RPLC)

l

MS/MS peptide sequencing and
quantitation

l

Data analysis

complete digestion and combination of differentially mass labelled samples.




description of the currently used methods for protein sample preparation prior to MS is

provided.

1.4 Mass Spectrometry

Mass spectrometry has been, without a doubt, the greatest contributing technology
to the field of proteomics in the last two decades. Its speed and sensitivity make it an
ideal tool for the high-throughput analysis of large numbers of proteins from complex
mixtures. The design and function of these instruments plays an important part in
dictating the type of proteomics experiment that can be performed. A review of the
different types of mass analyzers and a brief discussion of their advantages and
disadvantages for MS-based proteomics strategies is given.

1.4.1 The Mass Analyzer

Mass spectrometers come in a variety of instrumental configurations. The heart of
a mass spectrometer is the mass analyzer. Mass analyzers achieve ion separation by
taking advantage of the differences in behaviour between two ions of different mass to
charge ratio (m/z) within an electric and/or magnetic field. This can be achieved in
several different ways and the varying strategies have birthed a range of commercial
mass spectrometers utilizing these different mass analyzers. These include: the
quadrupole, ion trap (2D and 3D), time-of-flight (TOF), and high performance
instruments like Fourier Transform ion cyclotron resonance (FTICR) and the Orbitrap. In
addition, hybrid MS instruments are available which combine two or more mass
analyzers into a single instrument allowing for greater experimental flexibility, such as

tandem MS analysis. The ion trap instrument employed in all studies presented in this



thesis is the ThermoFisher LTQ linear ion trap mass analyzer. The features of this
particular mass analyzer will be discussed in detail along with brief descriptions of other
MS instrumentation.

The ion trap mass analyzer is a popular instrument for proteomics analysis. lon
traps come in two different varieties: the 3D trap, or Paul traps, and the 2D trap, also
known as a quadrupole or linear ion trap (LIT). A diagram of these analyzers is provided
in Figure 1.2. The ion trap mass analyzer is particularly popular for proteomics analysis
due to its improved sensitivity over quadrupole instruments and its ability to perform
several stages of tandem mass spectrometry, referred to as MS", where n indicates the
stage of MS analysis. The low cost, simple maintenance and small footprint of these
instruments also add to their popularity. In both designs, ions are retained, or trapped,
within the mass analyzer by establishing stable ion trajectories over a given m/z range
through the use of an alternating current (AC) electric field with radio frequency (RF)
and a direct current (DC) electric field. In the 3D trap, these fields are generated when
voltage is applied through the hyperbolic metal end caps and a hyperbolic ring electrode.

The design of the linear ion trap is slightly modified from that of the 3D trap,
resembling more closely to the configuration of a quadrupole mass analyzer, with the
exception that end cap electrodes are used to trap the ions along the z axis. One of the
main advantages of a linear ion trap over 3D traps in that it can trap a greater number of
ions before space charge effects begin to impact negatively upon the resolution and mass
accuracy. Linear ion traps are available with either axial or, in the case of the
ThermoFisher LTQ linear ion trap, radial detection (see Figure 1.2). With this instrument,

mass spectra are typically acquired with a base peak resolution of 1 amu and provide a
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Figure 1.2 Diagrams of both the (A) 3D ion trap (Paul trap) and (B) linear ion trap.
Both analyzers trap ions with the use of a RF AC voltage applied to the ring or
quadrupole electrode and DC voltage applied to end cap electrodes. While the
operation of each analyzer is very similar the linear ion trap offers greater sensitivity
due to the increased number of ions which may be stored in the trap without space-

charge effects.
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mass accuracy of 100 ppm. Higher resolution scans can be performed through the use of
“zoom scans”. These higher resolution scans come at the expense of sensitivity or, more
typically, scan speed and thus are usually performed over a narrow mass window. The
combination of the LTQ with the Orbitrap, referred to as the LTQ-Orbitrap, is a very
common combination for MS-based proteomics, and has been responsible for the best
coverage of the proteome in terms of protein identifications to date [55, 56].

Other MS instruments are available for proteomics studies. Given the requirement
for tandem MS analysis, the triple quadrupole instrument can be used for proteome
investigations. This instrument simply comprises three quadrupole mass analyzers strung
together in series (referred to as Q1, Q2, and Q3). A popular use for triple quadrupole
instruments has been for the unambiguous identification and accurate quantitation of
small drug molecules, toxins, or metabolites [57]. This strategy, referred to as selected
reaction monitoring (SRM), has been applied to targeted approaches for protein
quantitation through selection of a parent ion in Q1, fragmentation of the molecule in Q2,
and isolation/detection of one of the resulting fragment ions in Q3. Multiple reaction
monitoring (MRM) scans apply this strategy to more than one target molecule in a single
scan. For applications which require greater resolution and mass accuracy, orthogonal
injection time-of-flight (TOF) mass analyzers are available. Such instruments typically
provide mass resolution on the order of 20,000 or greater and an accuracy of 5 ppm or
better. Tandem MS is possible through hybrid instruments, such as the TOF/TOF
instrument and has been applied to proteomics analysis [58].

More recently, a generation of high resolution mass analyzers have become

increasingly prevalent amongst proteome facilities. These include the aforementioned
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FTICR mass analyzer [59, 60] and Orbitrap mass analyzer [61, 62]. The FTICR can
provide high resolution (500,000) and accuracy (<1 ppm). In the proteomics workflow
the conventional strategy to protein identification has involved MS analysis of peptide
fragments generated through enzymatic cleavage of the sample. This “bottom-up”
approach to proteomics analysis, described further in section 1.5, can be conducted on
low resolution instruments. Top-down analysis involves MS of intact protein molecules
and requires higher resolution and mass accuracy to interpret the complex spectra arising
from this type of analysis. FTICR systems are expensive and require a high level of
maintenance due to the powerful magnet which must be supercooled for operation. The
Orbitrap mass analyzer retains some of the qualities of the quadrupole ion trap as well as
FTICR. The resolving power of an Orbitrap is around 200,000 and its mass accuracy is
very comparable to the FTICR analyzer. Additionally, by replacing the magnet with an
electrostatic form of trapping ions, the Orbitrap is more cost effective and easier to
maintain.

Although MS instrumentation is advancing rapidly, its application to biomolecule
analysis would not have been possible without the development of two particular
ionization methods. These two technologies, namely electrospray ionization (ESI) and
matrix-assisted laser desorption/ionization (MALDI), permitted the ionization of large
biomolecules, and as such, enabled these molecules to be analyzed using mass
spectrometry.

1.4.2 Ion Sources
The ion source is the first stage of the MS instrument prior to m/z determination

and serves two main purposes. First, it brings molecules into the gas phase. Second,
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molecules are ionized so that they can be manipulated by the applied magnetic and/or
electric fields of the mass analyzer. The vaporization and ionization of proteins proved
historically to be the most difficult aspect of MS analysis. Large molecules, such as
proteins, undergo significant fragmentation through classical ionization processes due to
their thermal lability. However, the development of the soft ionization techniques of ESI
by John Fenn [63] and MALDI by Franz Hillenkamp and Michael Karas [64, 65],
subsequently applied to whole proteins by Koichi Tanaka and coworkers [66], changed
the course of mass spectrometry and proteomics. This pivotal development was
recognized by partly awarding the 2002 Nobel Prize in Chemistry to both John Fenn and
Koichi Tanaka for their contribution to the development of soft ionization methods for
mass spectrometric analyses of biological macromolecules.
1.4.2.1 Electrospray lonization

Electrospray ionization is a relatively simple ion source which permits the direct
coupling of liquid samples to a mass spectrometer. A diagram of the ESI source is shown
in Figure 1.3. The ESI source consists of an emitter tip through which sample is passed.
A voltage ranging from 1.5 to 5 kV is applied across the emitter and the entrance to the
mass spectrometer. The applied voltage results in the generation of charge within the
solvent droplets emitting from the ESI emitter tip. The repulsion forces of the charge
present in the droplet causes the formation of a Taylor cone and a subsequent series of
desolvation and fission stages which result in the formation of analyte ions, which then
enter the mass analyzer. The evaporation process is often assisted by applying nitrogen

gas, especially at higher flow rates. The formation of multiply charged ions is typical
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Figure 1.3 Example of the (A) electrospray process and (B) charge envelope
observed for myoglobin resulting from the distribution of charge states along with the
deconvoluted parent mass (shown in insert). Deconvolution of the charge envelope is
performed to obtain the molecular weight of the protein. Electrospray operates by
applying a voltage across an emitter tip in the range of 1 to 5kV which results in the
formation of charge to the eluting solvent. Ideally the solvent forms a Taylor cone at
the end of the tip which emits a liquid jet which then breaks into smaller droplets due
to coulomb repulsion. Desolvation due to vacuum and nitrogen gas results in
individually charged analyte particles entering the mass spectrometer. The mass
spectrum presented was collected by the author.
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of the electrospray process. While this can complicate the interpretation of protein
spectra, as they are observed as a charge envelope (example provided in Figure 1.3), they
provide more information-rich fragmentation spectra for peptide ions, which will be
discussed in section 1.6. If low flow rates are used (<2 pL/min), as in the case when
incorporating capillary column separations, an alternative form of ESI is often applied.
This form is referred to as nanospray ionization (NSI), referring to the small volumes of
sample eluting from the emitter tip. Dynamic NSI permits the coupling of capillary flow
liquid chromatographic systems which supply a continuously changing sample
composition over time. This dynamic coupling is the basis for the majority of MS-based
proteomics analysis.
1.4.2.2 Matrix-assisted Laser Desorption/ionization

A second soft ionization method for introducing protein and peptides to the mass
spectrometer is known as matrix-assisted laser desorption/ionization (MALDI). This
technique was developed near the same time as ESI. However, unlike ESI which directly
couples liquid samples to the mass spectrometer, the MALDI technique introduces solid
samples through laser ablation. The co-crystallization of small organic molecules with the
protein sample to form a solid matrix allows ionization through the use of a laser,
resulting in desorption and ionization of the protein or peptide. A diagram of the MALDI
processes is given in Figure 1.4. Several organic molecules are commonly used as
MALDI matrices. The most common are sinapinic acid (SA) for proteins and a-cyano-4-
hydroxycinammic acid (CHCA) for peptides. Both of these matrices absorb UV light
supplied through a low repetition nitrogen laser (1-20 Hz), delivering a wavelength of

337 nm. Alternatively, a 355 nm high repetition (kHz) Nd:YAG laser can
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Figure 1.4 Mechanism of matrix-assisted laser desorption/ionization. First, (A)
analyte is co-crystallized with an organic matrix. Then, (B) the crystal is irradiated with

laser light with wavelength matching an absorbance wavelength of the matrix. Finally,

(C) desorption of the matrix causes analyte to enter the gas phase where proton

transfer ionizes the analyte prior to entering the mass spectrometer for analysis.
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be used, as is seen for coupling some MALDI TOF instruments. There are several
benefits to using MALDI over ESI for peptide and protein analysis, such as its higher
tolerance to sample contaminants which would be detrimental to ESI analysis [67], as
well as the formation of predominantly singly charged ions, making the interpretation of
the mass spectrum of proteins much simpler. Perhaps most significantly is that MALDI
allows greater freedom in the time spent for the analysis of sample, as it is static, while in
LC-ESI experiments, online analysis of LC effluent entails a dynamic sample, limiting
the time allowed for analysis of any given component. The advantages of MALDI over
ESI for proteome profiling is a main component of the proposal of this thesis, which is
presented in section 1.11. One of the disadvantages of MALDI is that, compared to LC-
ESI, it is considered to be more difficult to couple MALDI to separation platforms such
as liquid chromatography, although attempts have been made to improve upon this [68-
70]. The coupling of MALDI to separation platforms is another major research theme of

this thesis.

1.5 MS-based Protein Identification Strategies

As a tool for protein and peptide analysis, mass spectrometry has been applied in
several different ways; the two major approaches are top-down and bottom-up MS. Top-
down MS is the direct analysis of proteins at the intact level. This would seem the most
obvious method to do MS-based proteomics. However, as will be discussed, this
approach is fraught with difficulty. Conversely, bottom-up MS identifies proteins
following enzymatic or chemical digestion of the sample, resulting in the formation of

much smaller peptide fragments. These smaller protein segments are much easier to
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analyze with low resolution MS instruments and therefore bottom-up peptide analysis is
currently the most popular MS-based proteomics approach. A summary of the various
strategies for conducting proteomics analysis is provided in Figure 1.5.
1.5.1 Bottom-up Proteomics Analysis

There are two main methods for bottom-up analysis of peptide fragments with
MS, either using protein mass fingerprinting (PMF) or through peptide sequencing using
tandem mass spectrometry (MS/MS).
1.5.1.1 Peptide Mass Fingerprinting

In PMF, a protein is enzymatically digested which produces a set of peptides
which have predictable masses. The most common enzyme employed in this strategy is
trypsin. Trypsin is an endoprotease which cleaves the amide bond on the carboxyl side of
lysine and arginine residues, unless followed by proline. A MALDI MS spectrum of a
tryptic digest of bovine serum albumin (BSA) is shown in Figure 1.6 as an example of
PMF analysis. Other proteases such as Lys-C and chymotrypsin are popular choices
depending upon the application. The popularity of trypsin is due to the guaranteed
inclusion of at least one basic amino acid residue into the created peptides, ensuring there
is a location for positive ionization through protonation. Due to the predictable nature of
enzymatic digestion, the peptide products, and more specifically the masses of these
products, are reproducibly generated from a given protein digestion. This list of peptide
masses is unique (or nearly unique) to a particular protein, and can be used to identify the
protein if its amino acid sequence is known. PMF utilizes the knowledge of protein
sequences contained within computer databases to identify proteins based simply on the

masses of the peptides observed following enzymatic digestion.
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Figure 1.5 Two strategies for MS-based proteomics analysis. A bottom-up strategy
uses either peptide sequencing or peptide mass mapping to identify proteins from
their peptide fragments following enzymatic or chemical digestion. Top-down involves
the direct analysis of intact proteins using mass spectrometry and requires high-
performance MS instrumentation for high resolution and involves the interpretation of
very complex tandem MS spectra.
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Figure 1.6 An example of a peptide mass fingerprint generated from the tryptic
digestion of bovine serum albumin (BSA). The peptide sequence shown at top is a
portion of the BSA amino acid sequence. Since trypsin cleaves on the carboxyl side
of arginine and lysine, except if followed by proline, three peptides are expected to be
produced following digestion. Accounting for a +57 amu mass shift from the
carbamidomethylation of cysteine, peptides | and Il are detected at masses of
1165.36 and 1881.91 respectively (highlighted by the arrows in the MALDI MS
spectrum. The third peptide (predicted m/z 609.3) was below the mass range and not
observed in this particular spectrum. The mass spectrum presented was collected by
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There are, however, some important limitations to the PMF method. The protein
must be isolated, otherwise, peptides generated from contaminating proteins would make
accurate identification of the protein difficult. Thus, adequate separation of the sample is
required. This is usually conducted through one or two dimensional gel electrophoresis,
described in section 1.6. Also, unknown PTMs would result in the miscalculation of
expected peptide masses, as would any mass accuracy error in the mass spectrometer. An
alternative strategy which does not rely on extensive proteome purification is to identify
peptides using tandem mass spectrometry, referred to as peptide sequencing.
1.5.1.2 Peptide Sequencing

In peptide sequencing, peptide ions detected in the mass spectrometer are isolated
and then fragmented, typically through collision induced dissociation (CID). The process
involves applying energy to promote collisions with an inert gas, such as helium, within a
collision chamber, which is, in the case of ion trap MS, the mass analyzer itself. In
peptide CID, MS/MS of positively charged ions produces a predictable fragmentation
pattern produced from cleavage along the amide bond of the peptide (though other
fragments are possible). The naming convention for these ions refers to b ions as the
fragment containing the N-terminus, and y ions for the fragments containing the C-
terminus [71]. A diagram illustrating the naming convention for peptide fragmentation is
shown in Figure 1.7. Through calculation of the observed mass differences between
fragmentation ions, along with its parent mass, the amino acid sequence of the peptide
can be determined in a de novo fashion. Based on this amino acid sequence, it is possible
to identify the protein that it was generated from, even in the presence of many other

peptides. An example of the process of MS/MS sequencing of peptides using the triple
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Figure 1.7 Naming convention for peptide fragment ions. The black lines indicate the
location of fragmentation along the peptide. Fragments with charge on the N-terminal
side to be either a, b, or ¢ and peptide fragments with charge on the C-terminal side
to be z, y, and z ions. CID fragmentation typically used in ion trap mass spectrometry
produces predominantly b and y ions, which form along the peptide bond, producing
fragments which have mass shifts related to the mass of the amino acid residues.



22

play method utilized for the peptide sequencing analysis presented in this thesis is given
in Figure 1.8. Triple play refers to the three step process of: ion selection, charge state
determination, and tandem MS fragmentation. Peptide sequencing does depend, however,
upon having knowledge of the amino acid sequence of all proteins which may be
expressed in a proteome. It is here where the reliance upon genomic databases becomes
exceedingly valuable.

Using genomic information, as well as experimental, a proteome for an organism
can be constructed. These databases (e.g., Swiss-Prot, PDB) are freely available on the
web through servers such as the Expert Proteomics Analysis System (ExPASy)
proteomics server (www.expasy.org) or the National Center for Biotechnology
Information (NCBI, www.ncbi.nlm.nih.gov). Current proteomics databases contain
hundreds of thousands of non-redundant proteins from a wide range of organisms. The
development of searching algorithms which can quickly analyze the thousands of MS/MS
peptide spectra generated from one LC-MS/MS analysis have been developed, with
popular search engines including SEQUEST [72] and MASCOT [73]. These algorithms
match the experimentally collected fragmentation spectra to computationally generated
spectra of potential peptide matches from proteomics databases. Scoring systems are
employed to assess the quality of matches, in order to remove false positives matches. In
the case of Sequent, Xcorr values represent the degree of cross correlation between the
experimentally collected fragmentation spectrum and the computationally generated
theoretical spectrum. Other scoring parameters are available, with a combination of these
values used as filtering criteria to remove poorly correlated spectra. Decoy searches using

databases which contain nonsensical proteins, such as a reversed proteome sequence,
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Figure 1.8 The triple play protocol for peptide sequencing by ESI-MS/MS. First, a
peptide ion is selected from a general MS scan (A) and subjected to a higher
resolution zoom scan (B) for charge state determination. The peptide is then isolated
and fragmented by CID (C). The peptide sequence is determined based on the
fragment ions produced and matched to its parent protein (D). In the example here,
the peptide HLEGISDADIAK was found to be a sequence present in the protein
Phosphoglycerate 1 mutase 1 from S. cerevisiae. The mass spectra presented were
collected bv the author.
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have become a mandatory feature to assess false discovery rates [74].

1.5.2 Top-down Proteomics Analysis

Though bottom-up MS is currently the most popular approach to proteomics analysis, the
use of top-down MS approaches is an increasingly active area of research [75-79]. The
largest barriers to the direct analysis of intact proteins through MS is the lower sensitivity
achieved from analysis of multiply charged ions (see Fig 1.3) and the difficulty
associated with interpretation of fragmentation spectra. However, top-down MS is a
promising approach to PTM analysis and reveals a more complete picture of the
identified protein than bottom-up MS. Top-down analysis has progressed following
developments in high resolution MS instrumentation, improved strategies for
fragmentation of large molecules, namely electron capture dissociation (ECD) and
electron transfer dissociation (ETD), and software platforms for MS/MS spectral
interpretation. Of course, the need for analysis of intact proteins redirects all front-end
manipulations towards intact molecules meaning peptide level separation can no longer

be incorporated into a top-down workflow.

1.6 Separations in the Proteomics Workflow

Separations are performed prior to MS to simplify the mixture and improve the
information gained from the proteome. Of the available methods for proteome separation,
the two most widely used are two-dimensional gel electrophoresis (2D-PAGE) and
multidimensional liquid chromatography (MDLC), with two-dimensional liquid
chromatography (2DLC) being the most popular. 2D PAGE is a gel-based method which

was first introduced by O’Farrell in 1975 and remains a popular choice for proteomics
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analysis [80]. It involves the electrophoretic separation of proteins within a
polyacrylamide gel with a first dimension of isoelectric focusing (IEF) following by size-
based separation using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). Although MS is used to identify selected proteins from the gel, staining methods
are first used to visualize the proteins. 2D-PAGE is an excellent method for easy
differential mapping of two proteomes for comparative analysis. This makes it a popular
method for determining expression differences between two proteomes.

The latter method, 2DLC, is typically applied to the separation of peptides
following enzymatic digestion of the proteome. In this case, ion exchange
chromatography (IEC) is often used as a first dimension of charge-based separation
followed by reversed phase liquid chromatography (RPLC), which is based on peptide
hydrophobicity. The second dimension of RPLC separation is coupled to MS (typically
through ESI) for high-throughput peptide sequencing. This method was first
demonstrated by Anderegg and coworkers in 1997 [81], then refined by Yates and
coworkers in 2001 [82]. This method has been given the name Multidimensional Protein
Identification Technology (MudPIT) [83]. Unlike the gel-based approach, MudPIT is a
comprehensive analysis technique, meaning that an attempt is made for all components to
be identified through MS. This differs from the 2D-PAGE approach in which only
selected protein spots of interest are subjected to MS analysis. This means that proteins
which may not be detected by 2D PAGE, such as low abundant or extremes in MW or pl,
may be detected by MS. Though the approach takes advantage of the sensitivity of MS
for protein detection, it does not generate easy-to-read differential maps, meaning that it

can be more difficult to detect differences between proteomes.
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1.6.1 Two-dimensional Polyacrylamide Gel Electrophoresis

High resolution protein fractionation is most commonly achieved through 2D-
PAGE as it affords high resolution separation of proteins, being capable of resolving
thousands of proteins [84, 85]. This technique combines isoelectric focusing, as a first
dimension of separation, and sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) as a second dimension.
1.6.1.1 Isoelectric Focusing

The general principle of isoelectric focusing in 2D-PAGE first involves the
extraction and solubilization of proteins using a buffer containing a variety of protease
inhibitors and solubilizing agents such as wurea, 3-[(3-Cholamidopropyl)
dimethylammonio]-2-hydroxy-1-propanesulfonate (CHAPS), dithiothreitol (DTT), and
thiourea, to enhance yields and resolution [84, 85]. Proteins are then loaded onto a
polyacrylamide or agarose gel strip, containing an immobilized pH gradient (IPG) [86,
87], cast into the gel prior to polymerization, with the use of immobilines. These
immobilines consist of a small series of no more than eight acrylamido derivatives which
contain both weakly acid carboxyl and weakly basic tertiary amino group as well as a
strong basic or acidic group. Classically, the use of carrier ampholytes was employed for
generation of the pH gradient [88, 89]. Combinations of thousands of species with a wide
range of pl and buffering pH values would establish a pH gradient in solution following
the application of an electric field. However, cathodic drift results in a non-linear pH
gradient and decreases the pH range, reducing the resolving power and reproducibility.

After sample is loaded an electric field is applied across the gel strip causing

proteins to migrate in a direction based on their charge. Protein charge is dependent upon
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the pH; proteins at a pH below their pI have a net positive charge and migrate towards the
cathode, while proteins at a pH above their pl are net negative and migrate towards the
anode. The protein will eventually encounter a local portion of the gel strip in which the
pH matches its pl, at which point its net charge becomes zero and no longer migrates
through the gel. This process is illustrated in Figure 1.9.

Although this method provides high-resolution separations, proteins which have
pl values greater or lower than the maximum or minimum pH of the IEF strip are lost
during the focusing. Lost proteins cannot be visualized and subsequently cannot be
analyzed using mass spectrometry. Also, hydrophobic proteins, such as integral
membrane proteins, are more difficult to analyze using IEF due to their poor solubility.
1.6.1.2 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

As a protein separation technique, SDS-PAGE is very common not only as the
second dimension of 2D-PAGE [90] but is frequently used as a stand alone method of
protein separation [56]. In SDS-PAGE proteins are denatured using the anionic surfactant
sodium dodecyl sulfate (SDS), which binds at a constant SDS to protein ratio of 1.4:1,
and imparts a similar negative charge density to all proteins in the sample [91]. In 2D-
PAGE, the focused IPG strip is first equilibrated with an SDS solution and then the strip
is placed onto an SDS gel slab. An electric field is applied with the positive electrode at
the bottom and the negative at the top, as shown in Figure 1.10. SDS bound proteins
migrate through the gel at different rates, which are dependant upon their molecular
weights. The distance a protein migrates in SDS-PAGE 1is based on the logarithm of its

molecular weight, with heavier proteins traveling a much smaller distance than lighter
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Figure 1.9 lllustration demonstrating isoelectric focusing. (A) Protein is loaded onto a
polyacrylamide strip containing a pH gradient generated either through the use of
immobilines or carrier ampholytes. (B) When voltage is applied, the proteins migrate.
Proteins in a region with a pH above their pl will gain a net negative charge and
migrate towards the positively charged anode. Proteins in a region with a pH below
their pl will have a net positive charge and will migrate towards the negatively
charged cathode. Proteins will continue to migrate until they reach a region with a pH
matching their pl, at which point they become zwitterionic and no longer migrate
within the electric field.
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Figure 1.10 Diagram illustrating the principles of SDS-PAGE. (A) SDS is added to
protein samples which bind at a 1.4:1 ratio causing the proteins to denature and
acquire a net negative charge. (B) The sample is loaded onto the gel and a voltage is
applied which causes the proteins to migrate with a velocity related to the log of their
molecular weight. Small proteins migrate faster while larger proteins migrate slower.
(C) Typical molecular weight range of a 15% T SDS-PAGE separation as shown from
a standard protein molecular weight ladder.
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proteins, given the same amount of migration time. The effective molecular weight range
for proteins on SDS-PAGE can be tailored by adjusting the pore size of the gel. This is
done by changing the concentration of acrylamide and cross-linking bis-acrylamide prior
to polymerization. The total percentage by weight of acrylamide is referred to as %T. Of
this, the percentage of the mass of acrylamide which is composed of cross-linker is given
as %C. Typical concentrations are 15% T with 2.67% C for most SDS-PAGE separations
with effective molecular weight separation between 10 and 250 kDa.

There are two different methods to performing SDS-PAGE, continuous or
discontinuous, though the latter is the only method used throughout this thesis. In
discontinuous PAGE [92, 93], the gel is in two parts, the upper part in which sample is
loaded is cast with a much lower %T (typically 4%), referred to as the stacking gel. The
lower portion, the resolving gel, has a %T between 10 to 15% for protein separation. The
pH of the resolving gel is about 8.8, while the pH of the stacking gel is a lower at 6.8,
buffered using Tris-HCI. During loading of the protien sample, a technique known as
isotachophoresis is used to improve separation resolution. Variation in the migration
speed of glycine in the stacking gel compared to the resolving gel causes the protein
sample to compress into a thin layer before migrating through the resolving gel
improving resolution.
1.6.1.3 In-gel Visualization and Mass Spectrometry

Following separation using 2D PAGE, proteins are visualized through staining
techniques. These include Commassie staining [94], silver staining [95], fluorescence
[96, 97], as well as autoradiography [98]. Of these, silver staining is likely the most

popular with detection limits of low nanograms quantities of protein. However, the
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dynamic range displayed in detection is poor, only spanning about one order of
magnitude. Fluorescence and autoradiography staining methods provide similar
sensitively as the silver staining method, but have a 1000 fold dynamic range . However,
they are both expensive, and have health implications or additional safety requirements
which are needed to perform autoradiography detection [98]. Other methods for
improving gel staining include differential gel electrophoresis (DIGE) [99], which uses
two different fluorescent tags to label two or more samples which are then combined and
separated on the same 2D-PAGE gel. Since each sample on the gel is tagged with a
different fluorescent dye, the proteins from each sample can be individually visualized.
This process greatly reduces variability due to run to run differences and also improves
throughput as more samples can be separated on a single 2D-PAGE experiment.

Mass spectrometry as a protein detection tool following 2D-PAGE is very
common in proteomics. PMF was developed to use MS for detection of proteins
following 2D-PAGE separation [100]. Although MS is used as the detection and
identification tool; visualization using one of the methods described above is required
beforehand in order to determine which protein spots are of interest. Once a protein spot
is selected it must be cut away from the rest of the gel and is subject to an in-gel digestion
procedure, with extraction of the resulting peptides.

1.6.2 Multidimensional Protein Identification Technology

The greatest advantage of MudPIT over the 2D-PAGE approach is the speed of
protein identification. An entire proteome digest can not only be separated in a
comparable amount of time to 2D-PAGE, but proteins are also identified immediately

through online LC-ESI-MS/MS analysis. MudPIT employs a charge-based separation
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strategy for the first dimension, ion exchange chromatography in this instance, which is
then followed by reversed phase liquid chromatography (RPLC) as an orthogonal second
stage of separation. With MudPIT, cation exchange (CX) is the most common choice,
although anion exchange (AX) is certainly possible, and more recently, combinations of
mixed-bed cation/anion exchange resins are used to improve the resolution of peptides on
ion exchange [101]. IEC works by first loading the sample onto the chromatographic
column while in an aqueous solution of low ionic strength. The solvent pH is critical.
Acidic pH is required for cation exchange separations while basic pH is required for
anion exchange separations. Once peptides are bound to the column they are eluted over
time with stepwise or linear gradients of increasing salt concentration. Typically, volatile
buffers, such as ammonium formate or ammonium acetate, are used for better MS
compatibility, as well as to maintain buffer pH and elute peptides from the column.

The second stage of separation, RPLC, is based on the hydrophobicity of the
protein. Typical stationary phases used are composed of linear hydrocarbon chains, such
as C4 (protein separations) to C;s (peptide separations), bonded to silica beads. Other
reversed phase columns employ polymers such as polystyrene as the chromatographic
material. Protein and peptide separations performed on reversed phase columns involve
linear gradients from mostly water to increasing amounts of a more non-polar solvent,
such as methanol (MeOH), or more commonly, acetonitrile (ACN). The more polar
analytes elute earlier in the run while more hydrophobic ones elute later. A low
concentration of acid (e.g., trifluoroacetic acid (TFA), formic acid (FA), acetic acid) in
the range of 0.1% to 1% is used as an ion-pairing reagent to improve chromatographic

performance. In the case of LC-MS, the addition of formic acid and acetic acid also
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serves to improve ionization by increasing the concentration of protons in solution.

Although MudPIT allows for comprehensive analysis of all the peptides in the
sample, it does not allow for the creation of easy-to-read differential maps between two
proteomes in comparison to 2D-PAGE, as it is difficult to achieve comprehensive
identification of the proteomes MudPIT cannot easily differentiate between protein
isoforms and post-translational modifications, as only a portion of the protein is used to
elucidate its identity. Also, the peptides which are generated from the high-abundant
proteins in the sample can easily overwhelm the entire analysis, making it difficult to
detect and identify low abundant proteins in the mixture.

In an attempt to resolve the issues surrounding both the 2D-PAGE and MudPIT
approach to proteomics analysis, solution-based methods which separate the proteome at
the protein level rather than the peptide level have been utilized and are gaining in
popularity [102]. These electrophoretic and chromatographic approaches include solution
isoelectric  focusing, IEC, RPLC, size-exclusion chromatography (SEC), capillary
electrophoresis (CE), as well as a variety of gel-based separation methods which involve
collection in solution phase, with many possible combinations using each. A brief

description of each method will be given.

1.7 Liquid Phase Protein Prefractionation

1.7.1 Ion Exchange Chromatography
Ion exchange has been used for decades for a variety of purification applications,
ranging from the isolation of hormones [103] to viruses [104]. As mentioned previously,

ion exchange comes in two forms, cation and anion exchange. In addition, both strong
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and weak acidic or basic functional groups are available, referred to as strong and weak
ion exchange respectively. Strong cation exchange (SCX) typically uses sulfonic acid
functionality while weak cation exchange (WCX) uses weakly acid carboxylic acids. For
strong anion exchange (SAX), quaternary amines are used, and for weak (WAX),
primary, secondary, or tertiary amines. Protein separation strategies incorporating ion
exchange for prefractionation are still often employed [105, 106].

Variations on IEC are available in the form chromatofocusing [107, 108], as well
as pH gradient IEC [109]. These techniques employ the use of buffering species to
produce pH gradients on column, or in the solvent, to elute proteins based on their pl.
This has been particular effective for the high resolution separation of phosphorylated
proteins [110, 111].

1.7.2 Solution Isoelectric Focusing

Many solution phase isoelectric focusing strategies are available for use in
proteomics workflows. Early designs using combinations of carrier ampholytes and/or
membranes with immobilines have been commercialized for preparative scale protein
prefractionation. High resolution IEF can be achieved through the use of capillary
isoelectric focusing [112, 113], although it is limited by a low loading capacity.

Larger volume designs for IEF separation are available, such as the Bio-Rad
Rotofor, which uses a carrier ampholyte system, or combinations such as the ZOOM IEF
(Invitrogen). More recently, the OFFGEL system was commercially developed by
Agilent, which uses gel-based separation similar to the first dimension of two-
dimensional gel electrophoresis, except that proteins are collected in solution following

diffusion into sealed well chambers placed on top of the gel strip [114]. However, there is
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concern with low recoveries of large proteins due to their low diffusion rate through the
gel following separation and isoelectric precipitation application of this technique has
been mostly performed for peptide separations [115-117].

1.7.3 Other Solution-based Techniques for Proteome Prefractionation

1.7.3.1 Chromatographic

As a protein separation tool, reversed phase liquid chromatography (RPLC)
provides very high resolution and is a common part of protein fractionation strategies
[118-120]. RPLC is typically applied as the second dimension of separation in many
protocols, as a high resolution follow up to other separation methods, as well, it allows
the removal of contaminants which may interfere with mass spectrometry.

Size exclusion chromatography (SEC) has been applied to the prefractionation of
proteins for proteomics analysis [121-125]. An advantage of SEC is that separations can
be carried out which retain the natural folding of the protein, preserving activity in the
case of enzymes. However, SEC suffers from low resolving power, as separation is on a
log scale requiring large differences in mass to achieve separation. Although, attempts to
improve resolution through combinations of more columns have been performed [121].

Affinity chromatography, by its nature is not a technique which offers high
resolution, but it can offer high selectivities in binding a target protein from a mixture,
resulting in a two fraction system. Affinity chromatography is useful for either the
purification of a particular protein or class of protein, or alternatively in proteomics
analysis, for the depletion of high abundant proteins, such as the removal of albumins

from blood serum [42, 126-128].
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1.7.3.2 Electrophoretic

An alternative to chromatographic approaches for solution-based protein
separations has been achieved through the use of electrophoresis, in particular capillary
electrophoresis (CE) [129-132]. Although the resolving power of CE is very high, the
loading capacity is low, which can limit the applicability of CE as a prefractionation tool.
Peptide separations are more common in CE [130], and have also been coupled to mass
spectrometry [133].

Size-based electrophoretic separations rely on the migration of protein through a
porous gel in an applied electric field. Two commercially available devices are offered by
Bio-Rad, the Prep Cell [134, 135] and the Whole Gel Eluter [136]. Recently, an
alternative size-based electrophoretic method which allows the collection of protein in
solution has been developed [137]. This device is termed gel-eluted liquid fractionation
entrapment electrophoresis (GELFrEE). It is similar in design to the Prep Cell, but uses a
much shorter gel tube to achieve protein separation, and the collection of fractions is
discrete rather than continuous resulting in no increase in collection volume for later
fractions. The design has also been multiplexed to achieve higher throughput separation

[138].

1.8 Multidimensional Separations
The combination of orthogonal modes of separation results in the product increase
in peak capacity from each separation mode. Many of the above mentioned solution-

based protein separation methods have been coupled and are described below.
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1.8.1 Charge/size

The combination of charge-based chromatographic and electrophoretic methods
to further size-based separation have been performed, such as the case of I[EC coupled to
size exclusion chromatography [121], IEF in the form of the Bio-Rad Rotofor couple to
the Prep Cell [139], or IEF coupled to GELFrEE [138]. These forms of multidimensional
liquid phase separations become analogous to the 2D-PAGE proteome fractionation
discussed in the previous chapter.
1.8.2 Charge/hydrophobicity

The coupling of charge separations to reversed phase chromatography is likely the
most popular multidimensional liquid phase strategy in proteomics. This is due to the
generally high loading capacity of ion exchange chromatography, and the high resolution
of reversed phase, along with its ability to remove contaminating salts and buffers. Many
combinations of IEC to reversed phase have been reported [81, 140, 141] as well as the
coupling of chromatofocusing for high resolution separation of protein isoforms followed
by non-porous reversed phase chromatography [109, 119, 142, 143].
1.8.3 Size/hydrophobicity

The chromatographic coupling of SEC to reversed phase [123], as well as
electrophoretic coupling of the Prep Cell [144] to RPLC, has both been applied for the
separation of proteins. However, due to the low orthogonality between size and
hydrophobicity, multidimensional separations incorporating these separation platforms

together are less common.
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1.9 Quantitation Strategies for MS-based Proteomics

Ultimately, expression proteomics relies upon accurate quantitation methods for
biomarker discovery. In 2D-PAGE, quantitation of proteins can be performed following
visualization using staining procedures, allowing comparisons from one gel to the next.
In mass spectrometry, differentiation between samples is performed by examining the
relative signal intensity between mass-shifted peptides originating from the test and
control samples. Label-free strategies are also being developed but these methods usually
result in high standard deviations and low reproducibility.

It can be incorporated during cell growth, such as in SILAC (stable isotope
labeling with amino acids in cell culture) which involves growing cells upon media with
isotope enriched amino acids (e.g., lysine with enriched '°C). Alternatively, isotopic or
isobaric labeling is performed following protein extraction; the two most common
strategies being ICAT (isotope-coded affinity tags), involving differential labeling of
cysteines using heavy and light isotopic versions, and iTRAQ (isobaric tag for relative
and absolute quantitation), which involves the labeling of free amines with an isobaric
reagent. In 1TRAQ, quantitation is performed by examining reporter ions in the
fragmentation spectra. The use of isotope coded formaldehyde (CH,O and CD,0) for the
methylation of peptide amino groups via reductive amination has also been reported
[145-151]. Its incorporation into a quantitation strategy for proteome profiling is a central
theme of this thesis, and as such will be explained in greater detail.

For the purpose of isotopic labeling, the addition of formaldehyde, or its
deuterated counterpart, to a peptide mixture followed by reduction using sodium

cyanoborohydride (NaBH3;CN) results in the replacement of the two hydrogen atoms of
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Figure 1.11 Dimethylation of lysine and N-terminus of a generic peptide.
Formaldehyde, or deuterated formaldehyde, followed by sodium cyanoborohydride is
used to generate a mass differential between peptides of a control and test sample. In
the example above, a terminal lysine following tryptic digestion will have two available
sites for reaction. Peptides which are products of cleavage following arginine will only
have the N-terminus available for labeling. Each dimethylation generates a mass
increase of +28 for the protonated formaldehyde and +32 for the deuterated
formaldehyde, resulting in a mass differential of +4 amu between the peptides of the
test and control samples.
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the amine with a dimethyl group. The mechanism of this reaction is shown in Figure
1.11. The modification of R-NH, to R-N(CHj3), or R-N(CHD); results in a mass shift of
either +28 for the protonated formaldehyde, or +32 for the deuterated species. This
results in a mass differential of 4 mass units for each labeling site of the peptide. This is
particularly convenient for tryptic digestions as many peptides generated using this
enzyme will contain lysine residues, providing another labeling site in addition to the

peptide N-terminus.

1.10 Biomarker Discovery

As previously mentioned, one of the practical goals of proteomics is the discovery
of protein biomarkers which are indicative of particular human diseases, allowing for
early diagnosis and improved treatment strategies. The road to biomarker discovery has
two major components: 1) differential proteome profiling for potential biomarkers and 2)
validation of these biomarkers over a large population of samples. A diagram illustrating
these stages of analysis is shown in Figure 1.12. In the early stage of biomarker discovery
the goal is to create a list of potential protein biomarker candidates. These candidates are
obtained by performing a comprehensive proteome profiling of healthy and diseased
proteomes from a small number of samples, searching for differences which may be
indicative of the disease state. Once the list of potential biomarkers is obtained the late
stage analysis subjects these candidate proteins to a more thorough and rigorous analysis
over a wider population and potentially over a greater range of conditions such as disease
stage, sex, age, etc. This stage of analysis uses targeted strategies which focus only on

these candidate proteins, ignoring the remainder of the proteome. The use of MRM mass
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Early Stage Late Stage
(List of candidates) (Validation)
Small set of Large set of
healthy cells / healthy cells /
diseased cells diseased cells
Comprehensive Targeted quantitative
comparative proteomics analysis
proteomics profiling of proteins identified

from early stage

List of possible Statistical analysis
protein biomarker and validation of
candidates protein biomarkers

Figure 1.12 Diagram showing the stages for protein biomarker discovery. Early stage
analysis involves the comprehensive comparative analysis of the healthy and
diseased state of a relatively few samples to generate a list of potential biomarkers.
These proteins are then subjected to targeted analysis over a large sample set in the
late stage analysis. Validation of those proteins which constitute reliable biomarkers
for a particular disease is obtained through statistical analysis of the quantitation data.
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spectrometry for targeting particular peptide products from the target proteins is an area
of interest for routinely quantifying potential biomarkers in a large number of complex
samples [152-155]. However, the largest bottleneck is currently at the stage of generating
lists of potential protein biomarkers. The two proteomics workflows which were
described in Figure 1.1 are possible methods for profiling discovery of potential
biomarkers. There are, however, significant drawbacks to these methods. While the gel-
based 2D-PAGE approach is very good at generating easy to read differential maps of
proteomes, the detection of the proteins largely relies on relatively insensitive staining
methods. Also, 2D-PAGE followed by in-gel digestion and LC-MS/MS analysis of
individual protein spots is labour-intensive and difficult to automate resulting in low
throughput. In contrast, the bottom-up peptide sequencing approach relies on the more
sensitive MS-based detection. However, it has the disadvantage of becoming
overwhelmed by the large number of components generated from global enzymatic
digestion. Additionally, because tandem MS peptide sequencing is performed on all
peptides present in the sample, the large amount of data generated, as well as the
presence of high abundant components present in the sample, can cause difficulties in
detecting the components of interest.

The use of intact level proteome prefractionation has been mentioned as a way of
combining the benefits of protein separations with the high-throughput analysis of
peptide level bottom-up LC-MS/MS. However, as more separation modes are combined
the throughput of analysis is reduced due to the increasing number of generated fractions
which must be subsequently analyzed by later stages of separation. Also, the number of

fractions which can result causes a bottleneck in bottom-up peptide sequencing as the



43

potentially hundreds of generated fractions from multidimensional protein separations
would need to be analyzed.

Obviously there is a need to develop improved methodologies which can provide
high-throughput proteome separations in solution while reducing the bottleneck in MS
analysis for profiling of potential protein biomarkers. The development of such a

platform is the subject of the research proposal and the work presented in this thesis.

1.11 Research Proposal

The research presented in this thesis represents efforts towards the development
of a high-throughput proteomics workflow for differential proteome profiling using liquid
phase separations and MS-based detection. This method aims to couple the best feature of
2D-PAGE, namely its ability to generate easy-to-read proteome maps, with the sensitivity
of MS-based identification and quantitation. The work presented in this thesis aims to
develop the tools necessary for the creation of a proteomics workflow which incorporates
liquid phase proteome separation with MS-based profiling to enable the high-throughput
analysis of proteome samples for biomarker discovery.

The tools evaluated and presented in the following 4 chapters cover distinct
aspects of the proteomics workflow, beginning with intact protein separations, then
moving on to the coupling of multidimensional and multiplexed separations with MALDI
MS, the utilization of MALDI MS for proteomics profiling and ending with an
investigation into improving protein digestion methods.

As a prefractionation tool, ion exchange chromatography is very popular as a first

dimension of separation. However, there is little work in the literature which investigates
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its effectiveness as a comprehensive prefractionation tool for proteomics applications at
the intact protein level, although peptide level separations have been investigated
thoroughly in the form of MudPIT. In chapter 2, ion exchange chromatography is
evaluated as a first dimension of proteome prefractionation for use in a multidimensional
liquid phase platform for comprehensive proteomics analysis. The fractionation ability,
bias, and predictability of separation is determined, along with their implications for
combining several stages of solution phase prefractionation methods.

In chapter 3, a design for a high-throughput parallel chromatographic separation
system is presented. This system is intended to improve throughput of the
multidimensional separation strategy by performing the second dimension of separation
in parallel, rather than sequentially. Also presented in chapter 3 is a strategy for the
coupling of the parallel chromatographic system to MALDI MS. A well plate device
which attaches to the MALDI target allows for the collection of high volumes from the
parallel chromatographic system. This allows the use of larger columns with greater
loading capacity to be incorporated into the separation workflow. It also limits the
number of sample manipulation steps by removing the need to transfer sample to the
MALDI target following separations.

Although MALDI MS has been used effectively for the bottom-up analysis of
peptides, it is not nearly as effective as LC-ESI-MS strategies in terms of quality or
quantity of data. However, MALDI has advantages over ESI which makes it desirable to
incorporate into proteomics workflow. These advantages include the static nature of
samples, allowing for more freedom in data collection, as well as the generation of

simpler MS spectra due to the formation of predominantly singly charged ions. In chapter
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4, the evaluation and comparison of MALDI MS/MS and ESI MS/MS is performed in the
context of a comprehensive peptide identification strategy to highlight the strengths and
weakness of each ionization technique. Following this comparison, an alternative strategy
is presented which uses MALDI as a technique for fast profiling of isotopically labelled
peptides without the need for peptide sequencing. This strategy aims to provide
differential analysis of proteome samples in a similar fashion which is available in the
2D-PAGE approaches, but without the limitations of using gel-based separations and
with all the benefits of MS-based detection.

Lastly, chapter 5 explores the effects of organic solvents upon the enzymatic
efficiency of trypsin for protein digestion. It has been reported that the use of 80% ACN
for tryptic digestions results in improved sequence coverage of proteins following LC-
MS/MS. The investigation of this for application into our workflow has resulted in an
alternative explanation for the cause of improved data and reveals a novel strategy for

proteome digestion to enhance protein identification and sequence coverage.
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Chapter 2

Optimization and Evaluation of Ion Exchange Chromatography for
Proteome Prefractionation

2.1 Introduction

Multidimensional separations incorporating both electrophoretic and/or
chromatographic techniques are a common approach for the prefractionation of intact
proteins [102]. The combination of orthogonal (or near orthogonal) separation
technologies affords dramatic improvement in the total peak capacity of the platform
[156, 157]. The effectiveness of each separation stage in a tandem platform is critical to
the overall optimization of a proteomics workflow, both in terms of throughput and total
number of protein identifications achieved [158-161]. The first dimension of separation
in a multistep analytical workflow is most critical; poor fractionation during the first
dimension, defined both in terms of low protein recovery or poor resolution, will have
negative consequences on all downstream manipulations. This ultimately results in an
impaired ability to characterize the proteome with mass spectrometry. Since peptide-level
separation remains the most popular strategy for shotgun proteomics, most optimization
studies have focused on this form of separation, rather than protein prefractionation,
which is the focus of this current chapter.

The charge-based fractionation of proteins or peptides is a common choice as the
first dimension of a multidimensional separation platform. In the classic two-dimensional
gel electrophoresis experiment, for example, isoelectric focusing constitutes the first
dimension, followed by size separation through SDS-PAGE [80]. The limitations of 2D-

PAGE have prompted researchers to explore liquid-based alternatives for protein
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separation [19], including electrophoretic (e.g. solution isoelectric focusing) and
chromatographic (e.g. ion exchange) approaches [137, 126, 103 102, 120]. At the
peptide level, charge-based separations followed by reversed-phase LC is a favoured
platform for multidimensional proteome analysis [110]. Methods involving the pairing of
strong cation exchange [110, 192], mixed bed platforms consisting of cation and anion
exchange material [101], or alternatively, capillary isoelectric focusing [112] with RPLC
illustrates the popularity of charge-based separation in the first dimension.

Undoubtedly, as a peptide separation tool, IEC has witnessed tremendous success
in proteome workflows. However, there exists a strong motivation to perform proteome
prefractionation at the ‘intact protein’ level (i.e. prior to enzymatic cleavage). Not only is
intact separation critical for top-down proteome detection [144], but proteome
prefractionation is an effective tool for improving the detection of low-abundance
proteins [111]. A disadvantage of peptide-level separation is that peptides generated
from high-abundance proteins will distribute across a majority of fractions. In contrast, at
the intact level, these proteins have potential to be isolated in particular fractions,
enabling the low-abundance ‘hidden’ proteome to be mined. Furthermore, differentiation
of protein isoforms and post-translational modifications is possible, allowing a more
detailed investigation of protein pathways, as shown for example through Lubman’s use
of chromatofocusing to differentiate phosphorylated proteins [119].

IEC has a long and familiar history as a purification tool for a wide range of
applications, ranging from early isolation of hormones [103] and purification of viruses
[104]; to highlight just a small portion of applications. However, its use as a

comprehensive proteome prefractionation platform prior to MS has only recently been
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explored. Here, the aim of IEC is no longer to isolate a single target protein, but to
achieve high resolution and high recovery across the entire proteome mixture. To this
end, variations on conventional salt gradient IEC have been presented and form the basis
of effective solution-based proteome workflows. These strategies include Lubman’s 2D
platform, which pairs chromatofocusing with the Rotofor [110, 111] (a size-based
electrophoretic separation platform), as well as the use of pH gradient IEC [109]. To date,
these methods have yet to gain widespread adoption, perhaps owing to the reduced
solubility of proteins at their isoelectric point, as well as the limited pH ranges of
chromatofocusing buffers, reducing the comprehensive fractionation ability of these
platforms. The addition of solubilizing agents such as glycine, taurine, or betaine can
partly resolve recovery issues, but none of them are applicable over a wide pH range, as
they would become charged passed a certain pH value and interfere with the
chromatofocusing separation. The addition of detergents is possible, but they complicate
the downstream workflow by interfering with reversed-phase separations and mass
spectrometry analysis and therefore must be removed. While MS-compatible surfactants,
such as RapiGest SF, PPS, and Invitrosol are useful for solubilization of protein samples
prior to analysis, and have been shown to improve the number of peptide identifications
following bottom-up peptide analysis [119], their use as an additive in an IEC buffer
system would present concerns with associated cost. More recent developments of IEC
for protein prefractionation include combinations of SAX and SCX with SDS PAGE
[105] as well as application for protein depletion prior to further proteomics analysis

[106]. Interestingly, despite the many examples which incorporate IEC as a
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prefractionation tool into a proteome workflow, a critical examination of the
effectiveness and applicability of IEC for proteomics has yet to be performed.
Comprehensive proteome characterization experiments are generally concerned
with the detection of a// protein components present in the mixture. An equally important
concern is that the detection platform employed provides a maximal degree of
experimental throughput. To succeed at both of these goals, one must critically evaluate
all aspects of the analytical workflow. Here, focus is directed at the optimization of a
charge-based prefractionation method, ion exchange chromatography. In this chapter, a
critical evaluation of conventional salt gradient IEC as an effective proteome
prefractionation tool is performed for both strong cation and strong anion exchange
chromatography. Given the unknown nature of a complex proteome, in terms of number
and type of proteins, optimization involved the use of well-characterized protein
standards to facilitate the evaluation. In doing so, the recovery of individual proteins, as
well as resolution and peak capacity of the separation is evaluated. Optimization of IEC
maximizes both resolution and recovery over a range of proteins and examines the buffer
pH, addition of organic modifiers, temperature, and slope of salt gradient. An emphasis is
made on collecting the minimal number of fractions with respect to the true resolving

power of IEC, thereby maximizing the throughput of the system.

2.2 Experimental

2.2.1 Materials

All protein standards, including trypsin (TPCK treated, cat. T8802), and
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lyophilized Saccharomyces cerevisiae (cat. YSC2) were purchased from Sigma
(Oakville, Canada). Milli-Q grade water was purified to 18.2 MQcm™'. HPLC grade
solvents were purchased from Fisher Scientific (Ottawa, Canada). Reagents for gel
electrophoresis were from Bio-Rad (Mississauga, Canada). All other chemicals were
from Sigma and were used without further purification.
2.2.2 Sample Preparation for IEC

Lyophilized cells of Saccharomyces cerevisiae were suspended in 20 mM HEPES
buffer pH 7.6, and proteins were extracted by three passes of the cells in a French press
device (8000 psi). The extract was centrifuged, and the supernatant filtered by passing
through a 0.45 pum cellulose acetate membrane. A final protein concentration of 10
mg/mL  was obtained, as determined using the Bio-Rad protein assay. For
chromatographic separation, a mixture of protein standards was prepared (250 pg/mL per
protein) in the initial [EC solvent systems. The final concentration of the yeast samples,
in their respective IEC buffers, just prior to separation was 2.5 mg/mL.
2.2.3 Protein Digestion

Protein fractions from IEC were individually precipitated overnight at -20°C
through addition of three volumes cold acetone. The resulting pellet was dissolved in 50
pL of 100 mM NH4HCOs. The sample was reduced with 2.5 pL of 200 mM DTT to
break disulfide bonds which where then alkylated with the addition of 5.5 pL of a 200
mM iodoacetamide solution. Digestion of the fractions was performed overnight at 37°C
through addition of 2.5 ug trypsin per sample.
2.2.4 Liquid Chromatography

An Agilent 1100 quaternary HPLC system with a photodiode array detector set at
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214 nm (Palo Alto, CA) was used. SCX was performed on a 1.0 X 100 mm ThermoFisher
Biobasic SCX column (5 pm packing, 300 A pore size) or a self-packed
PolySULFOETHYL A column (5 um packing, 300 A pore size) with material obtained
from The Nest Group, and SAX on a 1.0 X 100 mm Vydac SAX column (5 pum packing,
900 A pore size), each at a flow rate of 50 pL/min. Weak cation exchange (WCX) was
performed on a self-packed PolyCAT A column (1 mm x 100 mm, 5 um packing, 300 A
pore size), also obtained from The Nest Group, operating under similar conditions to
SCX. Optimal conditions for IEC, including solvent pH, percent acetonitrile, column
temperature, and slope of salt gradient were determined as described in the results section
of this chapter. For SCX, an acetate buffer (sodium acetate/acetic acid pH 4 - 7) was
used, with the exception of pH 3 which used a 0.1% TFA solution, with 2 M NaCl added
to comprise solvent B. SAX used a Tris-HCI buffer (pH 6 - 10) with 1 M NaCl added in
solvent B. RPLC separations were performed on a 1.0 x 100 mm Vydac C;g column (5
um packing, 300 A pore size) using a linear gradient between solvent A (0.1%
TFA/water) and B (0.1% TFA/ACN) starting at 10% B and increasing to 70% over 30
minutes.
2.2.5 Solution Isoelectric Focusing

A custom eight chamber sIEF device was used [162]. Yeast was prepared to a
concentration of 2.5 mg/mL in 4 M urea, 50 mM DTT, 1% CHAPS, and 1% Biolyte 3/10
carrier ampholytes (Bio-Rad, Hercules CA), of which 3.2 mL was loaded into the device.
The anode and cathode buffers consisted of 7x10~° M H3PO4 (pH 2.5) and 20 mM lysine
(pH 10.0) respectively. The device was operated at a constant power of 2 W until the

current dropped below 1 mA. Fractions were collected and subject to RPLC, as described
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in section 2.2.4.
2.2.6 LC-MS/MS and Database Searching

An Agilent 1200 LC nanopump and autosampler were coupled to a nanospray
ionization source (2.5 kV) and MS data were collected using a LTQ linear ion trap mass
spectrometer (ThermoFisher, San Jose, CA). Peptide separation was performed on a
ThermoFisher 0.180 x 100 mm Cg capillary column (5 um beads, 300 A pore size) at a
flow rate of 2 uL/min. Separation consisted of a linear gradient between solvent A (0.1%
formic acid/water) and B (0.1% formic acid/ACN), starting with a hold at 2% B for 5
minutes then increasing to 42% B over 40 minutes, then to 80% B in 2 minutes. MS/MS
spectra were obtained in data-dependant mode over the entire LC run by selecting the top
5 ions in the MS spectrum (350-2000 m/z) and fragmenting at 35% normalized collision
energy. Precursor m/z values (-1.5, +2.5 amu) were placed on an exclusion list for 3
minutes. The eight fractions obtained from sIEF were each analyzed twice, while IEC
fractions were analyzed once, providing a total of 16 LC-MS/MS runs for each of the
charge-based separation platforms employed.

Data were searched with Bioworks 3.2 software (ThermoFisher) using the
SEQUEST algorithm against the S. cerevisiae database. Database searching conditions
were as follows: Precursor mass tolerance 1.5 amu; fragment ion tolerance 1 amu; up to 3
missed cleavages per peptide. Peptides were filtered as follows: Xcorr 1.9 (+1 charge
ions), 2.2 (+2), 3.75 (+3); ACN > 0.1; Rsp < 4; peptide probability < 5x10™*. Furthermore,
two or more unique peptides, being assigned to the same protein, were required for a
positive identification of the peptides. In cases where a unique peptide sequence could be

assigned to multiple proteins, the peptide was assigned to the protein of highest molecular
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weight. Using these strict criteria, no peptides or proteins were found in a yeast decoy

database search, yielding a calculated false discovery rate of zero.

2.3 Results and Discussion

2.3.1 Optimization of IEC

For IEC to be properly evaluated as an effective tool for protein prefractionation,
optimal separating conditions, which maximize both resolution and protein recovery,
must first be determined. Optimization of the separation parameters for both strong cation
and strong anion exchange was performed using a set of standard proteins, listed in Table
2.1, along with their molecular weight and pl. In salt gradient IEC, the two important
variables influencing separation are the buffer pH of the running solvents and the profile
of the salt elution gradient. The column temperature, as well as the addition of organic
modifier (acetonitrile) to the solvent system, were also examined. As a means of
quantifying resolution, the peak capacity of the separation was determined. An empirical
value was obtained by dividing the total time of the elution window (last protein eluted
subtracting first protein eluted) by the average peak width for all protein standards. For
recovery, the protein yield of the individual protein standards was assessed based on the
peak areas from the resulting chromatograms, and choosing operating conditions which
maximize recovery for all proteins. A detailed assessment of protein yield was

determined using the optimal separation conditions, as discussed in section 2.3.3.



Table 2.1 Protein standards used for optimization of IEC.
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UniProt

# Protein name Acession# MW (Da) pl

I amyloglucosidase (Aspergillus niger) P69328 65,789 4.17
II bovine serum albumin P02769 66,433 5.60
I  ovalbumin (chicken egg white) P01012 42,750 5.19
IV carbonic anhydrase (bovine) P00921 28,982 6.40
A% a-casein (bovine) P02662 22,974 4.91
VI  B-lactoglobulin (bovine) P02754 18,281 4.83
VII  myoglobin (bovine) P02192 16,946 6.97
VIII cytochrome c (horse) P00004 11,701 9.59
IX  lysozyme (chicken) P00698 14,313 9.32
X ubiquitin (bovine) P62990 8,564 6.56
XI  Insulin (bovine) P01317 5,739 5.39

Protein information obtained from ExPASy.org
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Validation of IEC optimization was carried out through prefractionation of an extracted
yeast proteome, with identification using bottom-up LC-MS/MS analysis. The optimized
separation conditions determined for IEC are provided in Table 2.2.

2.3.1.1 Optimization of Buffer pH

The pH of the separation buffer solution determines the total charge of the
protein, and thus is expected to be the most important parameter in IEC separations for
intact proteins. The pH values examined for SCX ranged from 3 to 7, and for SAX
ranged from 6 to 10. In contrast to protein purification strategies, where the pH can be
tailored to maximize resolution and recovery for one particular protein, a proteome
prefractionation strategy necessitates maximum performance for all proteins in the
mixture.

The solvent pH had a major impact upon the retention and binding of proteins in
the SAX and SCX separations. At extreme pH values tested for IEC, there were
significant losses owing either to irreversible protein binding or to non-retention of
proteins on the column. This is illustrated from the IEC chromatograms of the 11 protein
mixture shown in Figure 2.1. Of interest from this figure is that at a low pH of 3, many
proteins were fully retained on the SCX column and could not be eluted regardless of salt
gradient employed. Interestingly, of the proteins observed in this chromatogram with
generally well-behaved peaks (i.e., narrow and symmetrical peaks), namely lysozyme,
insulin, and cytochrome ¢, one would not predict their retention based on protein pl. This
low pH condition is often employed for SCX separation of peptides, and has been applied
to protein-level SCX separation [106]. Clearly, this pH is not suitable for protein-level

separation since most proteins bind too strongly to the column. Conversely, at pH 7,



Table 2.2. Optimal Conditions for SAX and SCX.

Separation

Technique Solvent Temperature  Conditions

SCX A) 20 mM NaAcetate pH 6 24°C 50 mM/min
B) A with2 M NaCl

SAX A) 20 mM Tris-HCI pH 8 24°C 10 mM/min

B) A with 1 M NaCl
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Figure 2.1 Chromatograms of the IEC separation of the 11 protein standard mixture.
Separations using (A) SAX at pH 6, 8, and 10 and (B) SCX at pH 7, 6, and 3, with a
50 mM/min salt gradient at room temperature are shown. At low pH for SAX and high
pH for SCX, the majority of the protein standards did not bind to the IEC column. With
decreasing pH for SCX or increasing pH for SAX more proteins bound to the column
and were observed. However, as the pH further increased or decreased for the
respective separation, several protein standards showed decreased recovery as
evidenced by the non-observance of a well defined elution peak in the chromatogram.
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Figure 2.2 Measured peak capacities as a function of pH using the 11 protein mixture
for (A) SAX and (B) SCX. At a low pH for SAX and high pH for SCX the peak
capacities were at the lowest measured value. With increased pH for SAX and
lowered pH for SCX the peak capacities improved. However, as some proteins were
found to be retained by the columns and show reduced yield, these pH values were
considered not applicable for comprehensive proteome prefractionation. Optimal pH
values for SAX and SCX were chosen to be 8 and 6, respectively.
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proteins which were previously retained, at pH 3, were now recovered following SCX;
however, several proteins eluted in the injection peak. Similar results were obtained for
SAX, with a pH range of 7 to 9 allowing for good recovery of the majority of the proteins
tested. Alpha casein was a noted exception, which could not be observed in the majority
of SCX and SAX separations.

From the observation of the separation of an 11-protein standard mixture, the pH
range from 4 to 7 for SCX and 7 to 9 for SAX was considered reasonable for protein
separation, while beyond these ranges essentially no separation is obtained. Peak
capacities were thus determined over these pH values and are recorded in Figure 2.2. The
measured peak capacities for SCX ranged from only 6 to 9 and for SAX from 3 to 5.
Maximum peak capacities were observed at a pH of 9 for SAX and at pH 5 for SCX.
However the recovery of proteins from the mixture also presents a major factor which
must be considered in choosing an optimal pH value. Notable differences were seen in
the recovery or retention of certain proteins, especially at the lowest and highest pH
values tested. Although pH 9 provided the best measured peak capacity for SAX, some
proteins, like B-lactoglobulin, were not observed in the chromatogram. For this reason pH
8 was chosen as the optimal value for the SAX separation. The optimal pH for SCX was
chosen to be 6, based upon the ability to recover many of the protein standards from the
column.
2.3.1.2 Optimization of Salt Gradient, Temperature, and Organic Modifier

Following optimization of the buffer pH, the elution profile of the salt gradient
was varied with the goal of maintaining the highest peak capacity while keeping run time

at a minimum. The change in peak capacity of the IEC separations for the 11 protein
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Figure 2.3 Optimization of the salt gradient slope for SCX and SAX separation using
the 11 protein standard mixture. Peak capacity increased with reduced slope of the
salt elution gradient, (A), but gave diminishing returns in comparison to the total
separation time (B). (C) UV chromatograms obtained from the (i) 100, (ii) 50, and (iii)
10 mM/min salt gradients of the SAX separation. For ease of comparison, the 50
mM/min and 10 mM/min chromatograms were scaled along the X-axis to that of the
100 mM/min gradient by aligning the retention times of peaks x and y.
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standards was evaluated over varying linear salt gradients ranging from 10 mM/min to
100 mM/min on both IEC columns. A gradient slope of a 10 mM/min for SAX and 50
mM/min for SCX was determined to provide an optimal balance of resolution and total
run time. The peak capacity obtained for the SAX separation as a function of gradient
slope (Figure 2.3A) and separation run time (Figure 2.3B), is shown to demonstrate the
effects of gradient slope upon peak capacity. As the slope of the salt gradient was
decreased, the time required for the separation increased and the peak capacity improved.
However, a diminishing rate of return resulted in longer runs for only marginal
improvements in separation, shown in Figure 2.3B. Chromatograms from the separation
of the protein standards at the 100, 50, and 10 mM/min salt gradients using SAX are
shown in Figure 2.3C. The x-axis of the 50 and 10 mM/min chromatograms were
normalized to that of the 100 mM/min separation using the Agilent Chemstation software
to facilitate the comparison. The improvement in resolution as the salt gradient was
reduced is obvious. However, while improvements in peak resolution at shallower salt
gradients were obtained, below a salt elution gradient slope of 10 mM/min using the SAX
column, an increase in peak widths limited any gains in peak capacity.

Finally, both the temperature and the degree of organic modifier were explored as
a possible means of improving resolution. It was found that increasing the temperature
did not improve peak capacity, and at temperatures above 50°C peak capacity was
reduced (results not shown). Also, while it is noted that the addition of up to 25%
acetonitrile i1s common for peptide separations using ion exchange chromatography [82],
our observations showed no improvements with the addition of acetonitrile for protein

prefractionation. We attribute this to the surface chemistry of the columns used in this
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study, which is silica based rather than polymer based as is common in other IEC
columns.

2.3.2 Evaluation of Optimized IEC for Protein Prefractionation

2.3.2.1 Detailed Evaluation of Protein Recovery from IEC

Protein recovery is a critical parameter when assessing the merits of an analytical
manipulation. This parameter is more important than resolution, since the potential exists
to add a second dimension of separation to improve resolution, while a low recovery of
sample is not reversible. In the context of chromatography, one can expect some loss of
protein; the very premise of the experiment is to allow proteins to bind to the column and
then, hopefully, elute over the course of the gradient separation. An evaluation of protein
recovery using individual protein standards allows for a detailed assessment of any bias
associated with unbalanced recovery of some components relative to another.

The determination of percent recovery for some of the protein standards used for
optimization was performed; the results of which are shown in Table 2.3. A large
variation in yield between the individual proteins is noted, uncovering a recovery bias for
protein components of the mixture. The SCX separations displayed a slightly greater
degree of recovery variability (RSD of 68% for SAX and 77% for SCX), and both had
approximately equal average recoveries (40% for SAX, 38% for SCX). Obviously, a total
protein recovery would not have fully described the yield of protein from EIC, since with
SCX it is noted that protein recovery for several proteins was below 25%, and a-casein
was not detected following SCX or SAX separation. A low recovery of a particular
protein likely indicates irreversible binding, or protein precipitation within the column.

To further test the irreversible nature of protein binding, a weak cation exchange (WCX)



Table 2.3 Protein yields (%) under optimized conditions.

Protein SCX SAX
Insulin 24 22
Cytochrome ¢ 73 66
Ubiquitin 57 65
a-casein phosphorylated 0 0
Carbonic Anhydrase 17 68
B-Lactoglobin 72 20
BSA 72 39
average 45 40
STD 31 27

%RSD 68 68
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Table 2.4 Protein Yields from SCX and WCX.

scx® wex®

% Loss before Loss before
Protein Recovery'® separation® % Recovery separation
Insulin 11 27 24 17
Cytochrome c 81 13 100 14
Ubiquitin 83 16 100 16
a-Casein 13 8 20 8
Carbonic Anhydrase 65 31 96 31
B-Lactoglobin 62 23 85 23
BSA 68 16 82 16
average yield (%) 55 19 72 18
%RSD 55 43 49 41

ASCX was on a polySULFOETHYL A SCX column, using conditions described in Table 1.
BWCX was on a polyCAT A WCX, using conditions described in Table 2.1.
®Data represents protein recovery relative to a protein standard prepared in aqueous 0.1% TFA

PProtein loss due to solubility calculated by subtracting recovery relative to a standard prepared
in 0.1% TFA vs the recovery relative to a protein standard prepared in the initial HPLC solvent
system
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column was tested to examine if a different functional group had any impact on the
protein yield. The results of this experiment are presented in Table 2.4. From the
recovery data it is clear that using a different column type did have an effect on the
protein yield, showing improved recoveries. However, a large variation in yield was still
observed. It is possible that the loss of protein from IEC may be due to the initial pH of
the buffering system, as described further in section 2.3.5. As also seen in Table 2.4, the
buffering solution did have a serious negative effect on the protein yield for some of the
protein standards, notably a-casein and insulin. Although the buffering solution could be
adjusted to allow the recovery of a particular protein to improve, this would come at the
cost of reduced yield for other proteins which may not behave so amiably under those
conditions.

2.3.2.2 Correlation of Protein Elution and Protein Charge on IEC

One of the major incentives for performing proteome separation of whole
proteins, rather than of the peptides generated following enzymatic digestion, is the
ability to obtain information regarding intrinsic properties of the sample components
(e.g., protein size, charge/pl, or hydrophobicity). In doing so, one can target the collection
and/or analysis of specific types of proteins. Retention time information may also be used
in conjunction with MS data to facilitate protein identification.

Correlation plots, shown in Figure 2.4, between protein retention time and protein
pl, net charge, and total negative charge of the protein are given for the strong anion
exchange separation. Protein charge was calculated by summing the charge of the basic
and acidic amino acid residues at each pH tested using typical pKa values. From

examination of these plots, it is clear that some correlation between the protein elution
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order and the charge/pl of the protein could be made for IEC, though with a major
deviation for cyctochrome c, as well as lysozyme (not shown in plot). Obvious deviations
from predictable behaviour based on the net charge of the protein were observed, with
counterintuitive results, such as the late retention of cytochrome ¢ with a predicted net
positive charge. However, the net charge does explain the non-retention of ubiquitin (pl
6.8), myoglobin (pl 7.2), and carbonic anhydrase (plI 6.4) (see Figure 2.1). These proteins
were observed in the injection peak, but based on their pl one would predict that these
proteins would at least partially retain on a positively charged support. However, the net
charge of these proteins remains close to zero, which may explain their non-retention on
the ion exchange column. In contrast, based on their pl, cytochrome ¢ (pI 10.2) and
lysozyme (pl 9.8) should not have been retained on the SAX column at pH 8, yet both
were detected late in the salt gradient. Other attempts to find a correlation between a
property of the protein and elution order, such as net negative charge (Figure 2.4C) did
not reveal any useful pattern.

The difficultly in predicting the elution order of proteins on IEC is that the spatial
distribution of charge on the protein, not just total charge, becomes important [163].
However, such information is rarely known about the protein under particular [EC
separation conditions even if the amino acid sequence is known. This conclusion
highlights a significant deficiency in ion exchange as a prefractionation tool for intact
protein separation. Any useful information about the proteins becomes convoluted due to
the ambiguous nature of the mechanism underplaying the separation of whole proteins in

ion exchange chromatography.
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Figure 2.4 Plots showing protein retention time from SAX versus their (A) pl, (B) net
charge, or (C) total negative charge. Some correlation was observed between protein
retention time and pl, with the exception of cytochrome c. Plotting theoretical net
charge of the protein versus retention time reveals that carbonic anhydrase,
myoglobin, and ubiquitin, the three non-retained proteins, have a net charge close to
zero, indicating they would bind poorly. Again, cytochrome ¢ deviates significantly.
Other properties, such as using total negative charge of the protein, did not reveal any
discernable pattern to the elution order. These results indicate that the mechanism of
protein/column interaction is complicated and that protein retention time cannot be
used to provide any useful information about its properties (such as pl).
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2.3.3 Bottom-up MS Analysis of an IEC Prefractionated Yeast Proteome

A bottom-up approach was employed to analyze the fractions collected from the
SAX and SCX separations of a soluble yeast proteome extract to evaluate its
effectiveness at analyzing a complex protein mixture. The SAX and SCX separation were
divided into 16 fractions, each being subjected to single LC-MS/MS analyses. Figure
2.5A and 2.5B displays the number of proteins identified in each of the collected
fractions from the two IEC separations, as well as the respective chromatograms of the
yeast separation. Proteins were identified in each of the collected fractions, although their
distribution across the fractions was varied. The chromatograms clearly show that a
significant number of proteins showed limited binding to the column, being detected
early in the run. This is consistent with the observations made using the protein standards
during the pH optimization. From the results of the MS analysis, a Venn diagram was
created to compare the proteins identified between the SAX and SCX separation, which
is shown in Figure 2.5C. Overall, 173 proteins were identified from the SAX fractions,
and 148 proteins were identified following prefractionation using the SCX platform,
totalling 298 unique proteins from both systems. Of these, 107 were unique to SAX and
only 36 were unique to SCX, with 155 proteins in common. Of the total number of
proteins identified, 88% were detected from the SAX fractions. The greater number of
proteins identified from the SAX separation is attributed to the reduced bias in protein
recovery as demonstrated in the optimization and yield evaluation using the protein
standards.

Replicate LC-MS/MS experiments were also conducted on the unfractionated

yeast samples to determine the effectiveness of the proteome prefractionation strategy.
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Given that 16 fractions were collected from IEC, and subsequently analyzed through 16
LC-MS/MS runs, the unfractionated sample was similarly analyzed through a total of 16
replicates. The results of this experiment are provided in Figure 2.6. Differences are
noted between the SAX and SCX samples, which are likely due to variations in protein
solubility under the respective buffering conditions. The increase in number of protein
identification going from a single injection to multiple replicates of the same sample also
illustrates the severe limitation of LC-MS/MS when presented with an extremely
complicated sample. The act of performing replicate injections of the same sample
provides opportunity for the mass spectrometer to sample peptides which were not
selected for MS/MS in previous runs, elucidating additional protein identifications. This
observation lends explanation to why the collection of a greater number of fractions from
IEC than is reasonable (based on the peak capacity observed here) can result in an
increase in the number of protein identifications. It is clearly shown that the separation
power of IEC is rather limited and does not warrant collection of more than 10 to 20
fractions. With this realization, multidimensional separations can be simplified by
limiting the number of fractions collected from the first dimension to a value more
consistent with the peak capacity of the chromatographic technique, allowing the second
dimension to have a greater throughput. The collected fractions can then be analyzed by
replicate LC-MS runs to maximize the number of identified proteins.
2.3.4 2DLC of a BSA-spiked Yeast Mixture

From the results above, it would appear that proteome prefractionation does not
achieve any appreciable benefit, beyond what can be gained through replicate MS

analysis. It is noted that only a limited fraction of the entire yeast proteome was detected.
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Figure 2.5 Chromatograms of the IEC separation of yeast proteins by (A) SCX and
(B) SAX. The number of proteins identified in each of the 16 fractions obtained from
(C) SCX and (D) SAX are shown. Venn diagram (E) comparing the total number of
unique proteins identified from both SCX and SAX shows that a greater number of
proteins were identified from the SAX separation, mostly attributed to its greater yields
in comparison to SCX.
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Figure 2.6 Number of total proteins identified from 16 replicate injections of the
unfractionated yeast mixture in either (A) SCX buffer (20 mM NaAc pH 6) or (B) SAX
buffer (20 mM Tris-HCI pH 8).
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The combination of relatively low resolution with biased protein recovery results in a
hampered detection of proteins following IEC separation. The greatest benefits of
proteome prefractionation are realized through the depletion of high-abundance proteins.
However, unlike the plasma proteome for example, yeast reveals a much more uniform
proteome. To demonstrate the advantages of proteome prefractionation for depletion of
high-abundance proteins, a yeast extract was spiked with bovine serum albumin to a level
of 50% of total protein concentration by mass. This plasma-like proteome was then
subjected to one and two-dimensional solution separation. Due to the inadequate
fractionation ability of BSA on IEC, solution IEF was chosen for this experiment. The
solution IEF separation yields 8 fractions, with BSA being primarily focused into a single
fraction (fraction 5), shown in Figure 2.7, thus depleting the protein from other fractions.
As a control, the number of proteins identified after prefractionation was compared to 8
replicate injections of the unfractionated mixture. The results from this experiment are
shown in Table 2.5. Through prefractionation, the number of protein identifications was
doubled, from 71 to 152 unique proteins from single injection of the 8 fractions obtained
from the sIEF device.

Following sIEF, BSA focused primarily into fraction 5. As one would predict,
LC-MS/MS analysis of this fraction was still able to identify other proteins other than
BSA (65 from triplicate analysis of the fraction). In an attempt to improve detection of
low abundance proteins in this fraction, the sample was subjected to a second dimension
of separation intact proteins, in the form of RPLC, followed by tryptic digestion and
analysis by LC-MS/MS. A total of 9 fractions from RPLC were collected, and as shown

in Figure 2.7B, BSA was resolved into a single fraction (#8). This fraction was discarded.
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Figure 2.7 Prefractionation of a yeast proteome sample which had been spiked
with BSA. Two-dimensional separation using (A) IEF followed by (B) RPLC
separation of fraction 5, containing the focused BSA and (C) fraction 8 which

contains no BSA.



Table 2.5 Peptides and proteins identified from 1D/2D
prefractionation.

# unique # unique

Sample peptides proteins
Unfractionated sample 374 71
IEF fractionated sample 910 152
IEF Fr5 359 65
IEF Fr5 BSA depletion via RPLC 58 14
IEF Fr5 with RPLC including BSA fraction 89 23
IEF Fr8 10 replicate runs 567 106

IEF Fr8 with 10 RPLC fractions 204 47
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Again, to avoid the effects of replicate analysis, the remaining RPLC fractions were
simply pooled and subjected to triplicate MS analysis. Interestingly, though BSA was
further depleted in this sample, only 14 proteins were identified (significantly less than
the 65 originally obtained from sIEF). A subsequent RPLC run which included the BSA-
containing fraction was able to identify 23 proteins from triplicate MS analysis.

Similar results were obtained from 2D fractionation using sIEF fraction 8, a
sample which contained only trace levels of BSA. From 10 RPLC fractions, each
analysed individually, a total of 94 proteins were identified. However, replicate analysis
(10 in total) of the fraction without subsequent separation yielded 164 unique proteins. In
fact, each single run performed without a second dimension of separation detected more
proteins than the 10 combined runs of RPLC fractionation (results not shown).

Remarkable run-to-run reproducibility in terms of number of identifications was
obtained, (3% and 7% RSD for number of proteins and peptides respectively). From the
list of proteins identified from each mixture (results not shown), it became clear that the
high mass proteins were lost during reversed phase prefractionation. These results are
consistent with those reported by others for packing material with relatively small pores
(300 A) [111, 158]. This problem may be alleviated by using non-porous beads.
However, the RP column employed herein was marketed as a protein separation column

and 1s of the type which is commonly used for proteomics applications.

2.4 Conclusions

From the optimization of IEC and its evaluation through protein yield and bottom-

up LC-MS analysis, it is concluded that this chromatographic technique, as a protein
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prefractionation platform, is not an ideal choice for proteomics workflows. In general,
protein separation through IEC is extremely biased. While some proteins have high
recoveries and display excellent peak shape, other proteins had broad elution profiles
and/or very low recovery (e.g., phosphorylated a-casein). In light of the need to retain all
proteins for a comprehensive proteome characterization, this study demonstrates that IEC
would ultimately make detection of at least a portion of the proteome difficult, if not
impossible.

As a more general consideration, any separation platform which does not maintain
high recovery across the proteome would not serve well as a proteome fractionation
system. While it appears that such concerns extend beyond IEC (e.g., loss of high mass
proteins in RPLC), researchers should take care in choosing a prefractionation system.
Methods must be employed which are unbiased towards particular components of the
proteome to avoid loss of potentially important sample components, such as the
discovery of biomarkers. In this light, it is not as critical to achieve a high total yield
(averaging all components of the sample) as it is to obtain uniform protein recovery for
all components. The solution IEF device, employed in this study, has previously been
proven to provide a more uniform separation across all standard proteins [164],
suggesting its use as an alternative to IEC as a charge-based solution phase separation
platform.

As a final remark, it was also shown that replicate analysis of unfractionated
mixtures can produce similar numbers of protein identifications compared to an
unfractionated sample given equal LC-MS/MS analysis time. Frequently, many more

fractions are collected from IEC than what was determined for peak capacity, with the
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adage “the more the better”. While the collection of a greater number of fractions from a
first dimension of separation would lead to more protein identifications, this would be, in
large part, due to an increase in MS instrument time being applied to the sample. The
collection of a greater number of fractions from a first dimension of separation would
also lead to a greater bottleneck if a second dimension is applied to further fractionation

of the sample.
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Chapter 3

Design and Evaluation of a Multiplexed LC-MALDI MS Platform

3.1 Introduction

As discussed in the introductory chapter to this thesis, protein biomarker
discovery and validation is a major driving force for proteomics research. It entails an
evolving series of proteomics analysis experiments, first incorporating a comprehensive
analysis (discovery phase) and moving towards a more strategic targeted analysis of
putative protein biomarkers across a large population (validation phase). As an effective
tool for high-throughput proteomics analysis, mass spectrometry (MS) can play a pivotal
role in each stage of this pipeline. However, in the context of comprehensive analysis,
such as during the initial stages of biomarker discovery, the detector limitations of MS
necessitate sample prefractionation in order to overcome MS suppression effects [102].
With current technology, the comprehensive characterization of a proteome will typically
incorporate liquid chromatography coupled to MS (LC-MS) for analysis of the many
samples (tens to even hundreds) generated through proteome prefractionation. Each said
fraction generally occupies 1 to 2 hours of LC-MS analysis time, resulting in days to
possibly weeks in order to complete the analysis of a single proteome. Moreover, as
described in chapter 1, the early stage of biomarker analysis, while not to the scale of the
late stage, will require analysis of multiple proteomes in order to accurately profile and
identify potential disease biomarkers. Considering the requirements for early stage
biomarker identification, wherein the full proteome must be profiled for multiple

samples, current proteomics analysis strategies do not possess adequate throughput to
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justify comprehensive proteomics analysis for early-stage biomarker discovery. A high-
throughput and robust method which enables screening of multiple proteome samples for
potential biomarker detection is urgently required.

In terms of separation, multidimensional liquid chromatography is a favoured
approach to protein prefractionation. However, considering the throughput of an
experiment, multidimensional separations present a significant bottleneck. In the second
dimension of separation, given that each fraction is traditionally analyzed in series, the
time required to process all fractions generated from the first dimension of separation can
be quite significant. This effect is compounded by the collection of an increasing number
of fractions from the first dimension. For example, considering the collection of 10
fractions from a first dimension of LC (say ion exchange chromatography), this relatively
small number of fractions will nonetheless represent some 10 to 20 hours for processing
all samples through a second dimension of separation.

A potential solution to the problem of processing multiple fractions from a first
dimension of separation is to carry out the second dimension in a parallel (multiplexed)
format. For example, two-dimensional gel electrophoresis serves this very function in
separating proteins across a spatial array. However, if liquid chromatographic approaches
are to take advantage of a multiplexed separation design for the parallel separation of
many fractions simultaneously, the coupling of numerous columns through an
appropriate fluidic pathway is required.

Several designs for parallel chromatography have been reported in the literature,
being capable of accommodating varying numbers of columns. The simplest designs

focus on increasing the duty cycle of the LC-MS experiment. A staggered LC system
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with two or more columns allows one column to be primed (solvent equilibration and
sample loading) while performing chromatographic separation and MS analysis with the
other column [165-167]. While up to a two-fold gain in improvement is afforded by these
systems, they cannot be defined as true parallel chromatographic platforms as the
chromatographic separations are still performed in a serial fashion.

True parallel separation platforms have been developed which permit the
simultaneous delivery of a solvent gradient elution of proteins or peptides from multiple
LC columns [168-170]. However, in all cases a significant concern lies with the system
designs. The dedication of a number of switching valves, multiple HPLC and complex
fluidic collections make for the automated operation of such systems difficult. More
importantly, with these designs, it is difficult to ensure even flow rates between multiple
columns, questioning column-to-column reproducibility. Also, the unintended sample
cross-loading across multiple columns can become a concern with these systems. An
improved system design permitting parallel LC column separation for a multidimensional
platform is one of the subjects of the present chapter.

Following multidimensional fractionation, yet another bottleneck exists in the
proteomics analysis workflow. While considerable gains in sample throughput can be met
by performing separations in parallel, all said gains would be lost when considering the
sequential analysis of fractions resulting from each separation with mass spectrometry.
Baring the use of multiple mass spectrometers (a motivation to miniature MS systems,
which is beyond the scope of this thesis), attempts to couple parallel chromatographic and
electrophoretic separations to a single electrospray ionization interface have been made

[171]. Perhaps the most well-known example of coupling multiple LC flow streams to
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MS is through the multiplexed interface (MUX-technology™) available commercially
through Waters/MicroMass. This interface allows multiple LC columns to be connected
to a single ESI source, as shown in Figure 3.1, and has been applied to the analysis of
small molecule combinatorial libraries [172, 173]. However, such systems only permit
the eluent from a single column to be analyzed at any given moment. Given the
complexity of proteome separations, combined with the short time scale in which
peptides elute from a reversed phase column, such a platform is not suitable to
proteomics analysis.

Alternative solutions to maintain throughput in coupling parallel separations to
MS is to do away with electrospray ionization, switching instead to matrix-assisted laser
desorption/ionization mass spectrometry. The advantage of MALDI over a parallel LC-
ESI design is that the eluent from a parallel separation can be collected and stored on a
MALDI target, allowing each fraction to be analyzed in an offline format. Thus, one does
not sacrifice any information, as experienced when “sampling” multiple LC columns with
ESI interfaces. Additionally, in terms of flexibility, given that the MALDI source is
decoupled from the detection stage, an opportunity exists for customizing the analysis.
For example, one may choose to perform either rapid or extended MS profiling of any
given fraction. One concern with MALDI is the low sample volume which can be
accommodated on the target plate, typically 1 to 2 microlitres per spot. Thus, considering
the volume of fractions collected from analytical columns (on the order of hundreds of
microlitres per fraction), a typical solution is to spot only a small portion of the collected
sample. This degree of sample loss can result in poor sensitivity, thus the alternative

method is to concentrate the sample through solvent evaporation followed by re-
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Figure 3.1 Schematic representation of the MUX-technology. Through it, 4 LC
columns can be interfaced via ESI to a single mass spectrometer. However, the
effluent from only one column can be analyzed at any given moment.
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suspension and sample spotting. However, this approach is both labour intensive and
carries an associated risk of sample loss.

The development of devices which allow direct interfacing of liquid
chromatography to MALDI would significantly improve throughput and sensitivity of
this approach. A host of devices have been described in the literature, primarily
addressing the interface of reduced flow rate (low to sub microlitre per minute) LC or of
capillary electrophoresis (CE) to MALDI [118, 174-182]. Some of these designs
incorporate on-target digestion of proteins to further improve throughput, but all are
generally limited in their sensitivity and sample loading capacity. Online LC-MALDI-
MS interfaces have been developed which allow the direct analysis of LC eluent by
MALDI MS similarly to ESI MS, but these systems require complex modification to
existing MALDI sources which may not be easily accomplished by most proteomics
facilities [183, 184, 184-188]. LC-MALDI interfaces which permit collection of larger
quantities of material from higher flow rate separations have been described, such as
through the use of heated interfaces [68, 189]. However, the removal of solvent
immediately upon or during deposition onto the MALDI target provides an upper limit to
solvent flow rate and also does not easily permit subsequent sample manipulation. The
most promising appear to be on-target well plate devices which allow for the collection of
higher volumes from LC separations as well as further down stream manipulations.

The use of detachable well plates which interface directly with the MALDI target
allows a greater volume of sample to be collected and permits sample manipulation on
collected fractions [190, 191]. In this instance, the MALDI target plate acts as the bottom

of each individual fraction collection well. Following collection, target plates can be
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placed into a Speedvac which removes the solvent and allows for the entire sample to be
directly deposited onto the target spot. However, existing designs employing this strategy
incorporates a protein/peptide capture phase material. This is seen through the use of
polydimethylsiloxane (PDMS) material to construct the collection plate [190, 191], or by
incorporating chromatographic resin into the collection wells [69]. The desired strategy is
that proteins and peptides are retained on the PDMS/ chromatographic material,
permitting additional washing/preconcentration steps to be performed on target. Such
steps are not necessary in the present context, and also require additional steps to ensure
non-retention of sample. The risk of sample loss is also high with such devices.

In this chapter, the design and evaluation of an integrated parallel chromatography
to high volume LC-MALDI collection is described. This platform forms the basis of a
high-throughput comprehensive proteome strategy based on MALDI MS, the
development and application of which is described in chapter 4. The parallel
chromatographic system consists of eight reversed phase columns and permits individual
loading of samples onto a select column, thus permitting the online capture of up to eight
fractions from a first dimension of protein or peptide separation. Evaluation of this
system consists of determining sample cross-loading during injection, as well as flow rate
equality and reproducibility between the columns of the chromatographic separation. The
MALDI interfacing well plate accommodates up to 384 spots on a single target using an
on-target well plate constructed of Teflon. The spot-to-spot cross contamination and

effectiveness of concentrating large volume samples onto a MALDI spot is determined.
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3.2 Experimental

3.2.1 Materials and Reagents

All standard proteins used throughout the experiments, including bovine trypsin
(TPCK treated to reduce chymotryptic activity), were purchased from Sigma (Oakville,
ON, Canada). Formic acid and trifluoroacetic acid (TFA) were also purchased from
Sigma-Aldrich. Milli-Q grade water was purified to 18.2 MQ cm™'. The MALDI matrix,
o-cyano-4-hydroxycinnamic acid (CHCA), used was obtained from ThermoFisher
ProteoMass vVMALDI Calibration Kit (MSCAL4). Solvents were of HPLC grade and
were from Fisher Scientific (Ottawa, ON, Canada).
3.2.2 Preparation of Protein Standards and Matrix Solution

Protein standards were dissolved to a concentration of 2 mg/mL in water and kept
at -25°C before use. Protein stocks were diluted to 0.1 mg/mL in solvent A (see section
3.2.3) prior to reversed phase chromatography. A stock solution of MALDI matrix was
prepared by dissolving 5 mg of CHCA into 0.5 mL of 84% ACN, 14% EtOH, and 2%
water with 0.05% TFA. This stock solution was diluted using the same solvent
composition to a concentration of 2 mg/mL prior to use.
3.2.3 Liquid Chromatography

Chromatographic separations were performed using a quaternary Agilent 1100 or
1200 HPLC system with degasser, autosampler, and diode array detector set to record
absorbance values at 214 nm (Palo Alto, CA.). Reversed phase columns (C4, 1 mm x 100
mm, 5 pm beads, 300 A pore size) used in the parallel system were from Phenomenex
(Torrance, CA). Separations were performed using a linear gradient from 95% solvent A

(water, 0.1% TFA) to 40% B (acetonitrile, 0.1% TFA) over 80 minutes for peptide
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separations, and 90% A to 70% B over 30 minutes for protein separations. Reversed
phase cleanups of protein digests were performed using the same solvent and gradient
conditions as described for the peptide chromatography except it was performed over a 5
minute time interval, with collection of eluent followed by removal of solvent using a
SpeedVac.
3.2.4 Tryptic Digestion

A 50 pL sample of a 0.1 g/ BSA solution was reduced and alkylated with the
addition of 2.5 uL of 200 mM dithiothreitol, being incubated for 20 minutes at 55°C,
followed by 5.5 puL of 200 mM iodoacetamide and incubation for 20 minutes in the dark.
The digestion was started with the addition of 0.1 pg of trypsin (50:1 ratio protein to
trypsin) and left overnight at 37°C. The digestion was terminated with the addition of 5
puL of 10% TFA followed by reversed-phase cleanup to remove contaminates prior to
use.
3.2.5 MALDI MS Analysis

MALDI-MS was performed using a vVMALDI LTQ system (ThermoFisher, San
Jose, CA). Reversed phase fractions collected from the parallel system onto the on-target
well plate system were dried to completion in a SpeedVac. Next, the 2 mg/mL CHCA
solution was combined with water in a 1.5:1 ratio and 2.5 pL was deposited onto the
MALDI spot to resolubilize the dried sample which was then allowed to dry and co-
crystallize on the MALDI target. MS data was collected using optimized laser power with
AGC (automatic gain control) activated, and a MS signal threshold set to 5000 S/N, using
2 laser shots per spectrum, and averaging 3 to 5 MS scans per spectrum. Ilon

accumulation was set to 5 x 10* for MS scans over the mass range 800 — 4000 m/z. Data
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were examined using the Thermo Xcalibur qualitative browser.
3.2.6 Design and Evaluation of the Parallel Chromatography Platform

A schematic of the parallel LC device is shown in Figure 3.2. The platform
consists of two switching flow valves (V1 and V2) which control the direction of solvent
flow from a single HPLC pump The first valve (V1), designated as the loading/running
valve, is a 10 port, 2 position switching valve (Rheodyne, Oak Harbour, WA) which
determines if flow from the HPLC pump is delivered to either V2 for column selection
(loading mode, Figure 3.2A) or to a splitter (i) which directs flow to all reversed phase
columns (ii) simultaneously (running mode, Figure 3.2B). V2 consists of an 11 port, 10
position switching valve, which allows for the selection of a particular column for
loading while in loading mode. A restriction capillary (iii), consisting of a 20 um ID, 10
cm long piece of silica capillary tubing, prevents a significant amount of flow to cross to
the remaining columns during loading of a particular column.

The parallel system was evaluated to determine the equality in flow rate between
columns in run mode as well as the effectiveness of the restriction capillaries to limit
cross-loading. Flow rates from the system were measured at solvent compositions of 10%
and 50% acetonitrile in water by weighing the collected eluent following 5 minutes at a
pump flow rate of 200 puL/min (anticipating 25 pL/min per column). Sample cross-
loading in the system was examined by examining the distribution of 2 and 10 pg of
lysozyme following injection onto one of the RP columns. The reproducibility of
separation between columns was examined by systematically injecting 1 pg of lysozyme
onto each column of the parallel system and performing a gradient elution with that

column connected to a UV detector. This was compared to the separation on each column
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Figure 3.2 Diagram of the parallel chromatographic system showing load position (A)
and run position (B). In load position, V2 allows for the majority of sample from the
HPLC to be directed towards a particular column, in this case the last column shown
in the figure above. A restrictor capillary (iii) prevents significant amounts of flow to
the remaining columns (ii). In run position, V1 diverts all flow into a splitter (i) which
evenly partitions flow to all columns connected to the system, allowing for multiplexed

gradient elution.
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independent of the parallel system.
3.2.7 Construction and Evaluation of the High-volume MALDI Well Plate

A schematic of the well plate assembled and disassembled is presented in Figure
3.3A and Figure 3.3B respectively. The on-target MALDI well plate is constructed of a
Teflon block (i) of dimensions 1.1 x 8.2 x 12.3 cm with 1/8” diameter holes drilled
through the block, a I mm thick PDMS layer 1 mm thick (ii), both corresponding in
number and location to the spots present on a 384 well Thermo MALDI target (iii). The
device is secured using four metal bars which cover columns 1, 8, 17, and 24 using four
screws with washer and nut passing through rows A, F, K and P. As a result, 320 wells
are available for collection of samples. Each of these wells has a dimension sufficient to
allow collection of up to 100 uL of solution.

The MALDI well plate was examined to ensure no leakage was occurring
between wells during collection or drying, by placing 15 pmol of BSA digest in 50 uL of
0.1% TFA water into a randomly chosen 3x3 array of the MALDI target, leaving a blank
(50 uL of 0.1% TFA in water) in the central well. These nine sample on the plate were
dried using a SpeedVac, after which the well plate was removed and matrix applied to the
spots as described in section 3.2.5. Peptide yield following collection and drying of
sample using the MALDI well plate was examined by placing 5 replicates of 1 pmol BSA
digest prepared in 50 pL of 0.1% TFA water in the well plate and subjecting the sample
to SpeedVac drying. The signal intensity of the most intense peptide was compared to
that observed from the direct deposition of 1 pmol BSA digest (in 1 pL) onto the MALDI

target.
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Figure 3.3 Picture of the MALDI on-target well plate device, assembled in A and
disassembled in B. The device is constructed of a (i) Teflon block with 384 wells
drilled through with a (i) 1 mm layer of PSMS with holes corresponding to the size
and location of the wells on the Teflon block, both of which correspond to the spots on
a (iii) Thermo 384 MALDI target. The system is held together using 4 metal rods with
screws which pass through the well block, PDMS layer, and MALDI target, using
washers and nuts to tighten.
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3.3 Results and Discussion

3.3.1 Evaluation of the Parallel Liquid Chromatography System

The parallel system incorporates a unique restriction capillary design, shown in
Figure 3.2. The restriction capillaries serve two purposes. First, they limit the amount of
cross-loading to other columns during loading. Second, it improves the equality in flow
rates between the columns during multiplexed separations. These two features are
demonstrated in the following section. The flow rate through the restriction capillary
required to produce the same back pressure as the flow through the RPLC column during
loading is much smaller, resulting in the majority of the flow from the HPLC to be
directed onto the column. During parallel operation, the flow directed to the 8 RP
columns is now forced to pass through the restriction capillaries. The combined back
pressure of flow through the column, about 20 bar, plus the restriction capillary, about
120 bar, is much greater than through the column alone. This combined pressure results
in reduced variability in pressure, and thus flow rate, between each column resulting in a
more even partitioning of solvent across all columns. An evaluation of the parallel
chromatographic system was performed to determine the equality of flow rate between
the 8 chromatographic columns, the extent of sample cross-loading during injection, as
well as the reproducibility of separations between columns.
3.3.1.1 Comparison of Flow Rates

The results of the determination of flow rate equality through the columns of the
parallel system in run mode were determined for all 8 columns are presented in Table 3.1.
From the normalized values, the variation in flow rate between the columns in a parallel

mode of operation is seen to be extremely small with both solvent conditions. A relative



Table 3.1 Comparison of flow rates.

Normalized flow rate

Column 10% ACN 50% ACN
1 0.988 0.995
2 0.995 0.987
3 0.999 1.000
4 1.000 0.970
5 0.998 0.966
6 0.987 0.970
7 0.982 0.979
8 0.986 0.983
average 0.992 0.98
STD 0.007 0.01
%RSD 0.7 1.2

92
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standard deviation in flow rate near 1% was seen with each solvent condition, though a
slightly greater deviation in flow rate at 50% acetonitrile is attributed to a decrease in
back pressure compared to that of the more aqueous solvent systems. This reduced back
pressure lowers the effectiveness of the restriction capillaries. However, this variation is
small and is not expected to cause significant variations in separation reproducibility
between columns.
3.3.1.2 Evaluation of Separation Reproducibility and Conformity

To demonstrate the reproducibility and conformity in separation across the 8
reversed phase columns, the retention time of an arbitrarily chosen protein, in this
instance lysozyme, using each column was measured while running in parallel mode,
with results provided in Table 3.2. These results from parallel operation were compared
to that obtained from each column when ran independent of the parallel system (i.e.,
“single column”, in Table 3.2). Triplicate runs using the same column, column 1, in
parallel mode and in direct format were also performed to assess variability of the
retention time to that from the parallel system and between columns. The best
reproducibility was seen through repeat direct injection using a single column. About a
0.5 second standard deviation in retention time was obtained from triplicate runs on
column 1. Variation between the 8 reversed phase columns ran individually gave a
standard deviation in retention time of about 3.5 seconds. This increase in standard
deviation in retention time compared to that obtained from the use of the same column is
to be expected given variations in column packing. Comparing the standard deviation
obtained from running the columns individually in series to that obtained when

performing the separations in parallel, chromatographic variability resulted in a deviation



Table 3.2 Comparison of reproducibility in retention time.

Conventional LC Parallel LC
Single Multiple Single Multiple
column columns column columns
Avg. t, (min) 17.137 17.06 17.8 18.0
STD (min) 0.0082 0.064 0.11 0.12
STD (s) 0.49 3.8 6.6 7.5

%RSD 0.048 0.37 0.62 0.69
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of about 7 seconds for column 1 run in triplicate as well as for all 8§ columns However, as
this parallel system is intended to couple to MALDI MS for data analysis, where the
collection time of fractions may be upwards to several minutes, deviations in retention
time of a few seconds are considered negligible.
3.3.1.3 Cross-loading During Injection onto the Parallel System

One concern with the design of this system, and other multiplexed
chromatographic systems, is that a portion of the sample being injected can
unintentionally make its way to other columns; in this case, through way of the flow
splitter, shown in Figure 3.2. Prior to implementing the restriction capillaries, significant
cross-loading was observed in the current system (results not shown). The results from
the cross-loading experiments using the current design which incorporates restriction
capillaries are provided in Table 3.3. As seen in this table, while an “open” flow path
exists to all 8 columns, the necessity to flow through a restrictor channel to arrive at all
columns, save the target column (column 4), favours loading onto this column only.
Column 4 received approximately 97% of the injected sample, implying 97% of the flow
is directed at this column. The remaining ~3% of the flow was distributed across the
remaining 7 RPLC columns, though no column received more than 0.7% of the injected
sample. There was a slight bias for sample to cross-load onto columns which were
immediately adjacent to the intended column, columns 1, 2, and 3, based on their
configuration in the 8 port splitter. Nonetheless, a majority of the sample is directed to
the designated column in the parallel design. The loss of ~3% of the total sample to other
columns represents a negligible loss in terms of comprehensive proteome analysis. Also,

while the cross-loading of <1% of a given fraction onto a column may represent a source



Table 3.3 Percentage of lysozyme cross-
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of sample contamination, it is noted that the intended use of the parallel LC system is as a
second dimension of separation in a multidimensional platform. Given the resolution of
the first dimension, wherein a given analyte can easily distribute across multiple adjacent
fractions, the contribution to sample carryover from the parallel LC platform can again be
considered negligible.

These results, in combination with the flow rate determination experiments,
confirm the dual purpose of the restriction capillary design. Not only does it maintain
even flow rates among the columns, providing reproducible and similar separations
across all columns, but it also limits the amount of cross-loading that is caused during an
injection.

3.3.2 Testing of the MALDI Well Plate Target

The on-target MALDI well-plate was tested according to its ability to effectively
contain sample in the collected well without leaking into adjacent chambers as well as the
recovery of peptide following solvent drying. This is compared to conventional
deposition approaches involving manual manipulation of samples.
3.3.2.1 Testing PDMS Seal

Teflon was chosen for the MALDI well plate to limit the loss of proteins and
peptides during collection and drying of solvent. Since Teflon alone did not provide an
adequate seal when pressed to the steel MALDI plate, it was necessary to include a thin
gasket, composed of PDMS, to act as a seal between the Teflon and steel MALDI plate,
and prevent leaks between adjacent wells. The results of this experiment are shown in
Figure 3.4. The absence of BSA peptides detected in the central well which contained

only solvent, while the surrounding adjacent wells contained 15 pmol of BSA peptides
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Figure 3.4 Testing of the PDMS layer to prevent leaks between adjacent wells. 15
pmol of digested BSA in 50 pL of solvent was placed into a 3x3 array of wells, leaving
the central well empty (blank solvent added). Following drying, matrix addition, and
MALDI MS analysis, no BSA peptides were detected in the central well (shown in
center block of figure), demonstrating that the PDMS layer provides adequate sealing
between the Teflon block and the MALDI plate.
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each, demonstrates the lack of cross contamination and indicates that the PDMS layer and
bracing system are effective methods to prevent sample from leaking into adjacent wells.
It is noted that the sensitivity of the MALDI MS towards BSA peptides is sufficient to
detect 5 fmol on target for this instrument (results not shown), which would represent a
0.5% carryover from any of the adjacent wells. Though an adequate seal was provided,
the use of PDMS may have a negative impact upon yield, resulting from possible peptide
adsorption onto its surface, as proteins are known to absorb onto PDMS. The impact
upon signal intensity of a BSA digest using the well plate system compared to
conventional direct deposition was investigated.
3.3.2.2 Comparison of Signal Intensities

Possible loss of sample associated with the PDMS gasket was also assessed by
observing the signal intensities of BSA peptides obtained following use of the well plate
device. Conventionally, higher volumes from LC separations than could be deposited
directly onto the MALDI target would normally require either the spotting of only a small
portion of the sample or first drying the sample to concentrate it before deposition. Using
the well plate target, the drying down of sample can be performed directly on the MALDI
target without the need for preconcentration through solvent evaporation or sacrificing a
large percentage of the original fraction. A comparison of signal intensity was made by
depositing 1 pmol of BSA peptides onto the MALDI target through three different
deposition strategies: (1) transferring 50 uL of a 0.02 pmol/uL solution to the well plate
device, (2) drying 50 puL of a 0.02 pmol/uL solutione in a vial and resolubilizing into 2.5
puL of matrix solution followed by direct target deposition, (3) direct deposition of 2.5 uL

containing 1 pmol of BSA peptides from a concentrated stock without any prior drying
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Table 3.4 Comparison of signal intensities.

Signal intensity (x1 04)

Well plate Vial Direct deposition

Average

(n=6) 23 05 22 +04 3.0+038
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steps. The results of this experiment are given in Table 3.4. As expected, the direct
deposit method provided the highest average signal intensity from the three deposition
methods. However, samples are rarely available as concentrated stock solutions.
Comparing the average signal intensities of the samples deposited using the well plate
device to the conventional (in vial) drying/ spotting strategy, similar peptide yields were
obtained. From the signal intensities, the estimated yield of peptides onto the spot was
about 77% for the well plate and 73% for the typical drying and solubilizing in a vial
strategy. Overall, these results demonstrate that the well plate does not introduce any
additional loss of sample than normally obtained during solvent evaporation steps.
However, the well plate does provide a practical improvement in terms of sample
preparation and throughput, as it eliminates the need to dry, solubilize, and individually
deposit all fractions collected from a LC separation.

The need for high-throughput separations and MS analysis is important for
characterizing the proteomes of large populations of individuals over time in order to
identify potential disease biomarkers. The system presented in this chapter is designed to
facilitate the fractionation of complex protein samples through the use of a parallel
chromatographic platform coupled to MALDI MS through a high-volume on-target well
plate attachment. This system permits reduced sample preparation time associated with
direct solvent removal and sample spotting, which is normally required for LC-MALDI
analysis. As a separation tool, the parallel LC system shows remarkably similar
separations across all columns due to the conformity in flow rates generated through the
use of restriction capillaries. The restrictor channel reduces the effects of variation in

column back pressures due to packing differences between the columns. In comparison to
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other parallel chromatographic designs [168, 169], this systems is much easier to
automate through the use of programmable contact closures on a single HPLC pump. It
also handles a greater number of columns while maintaining equal flow rates. Other
designs rely on the equality of back pressures native to the columns employed to ensure
even flow rates. However, this case is not guaranteed, especially over repeated column
use where one or more columns may experience a clog.

The restriction capillaries used in this system also serve a second purpose by
limiting the amount of cross-loading which occurs during injection of sample onto a
particular column. Cross-loading is an inherent deficiency in an open column design (i.e.,
one which does not include valves to open/close the flow path to the various columns).
However, the inclusion of restriction capillaries significantly reduced the cross-loading of
sample onto the other columns (<1% per column). Considering that the intended use of
this parallel LC platform is to enhance throughput in separation from a previous
dimension of separation, this degree of cross loading is unnoticeable in relation to the
imperfect prefractionation from the first dimension (see chapter 2).

The detachable well plate for on-target MALDI collection and high-throughput
preparation has been shown to be effective and not prone to loss of sample during
collection or drying or contamination into adjacent wells. The use of Teflon as the
collection plate is an advantage over constructing the system completely from PDMS
[191], which would necessitate additional workups and decrease the throughput of the
methodology. Although it is necessary to have a thin layer of PDMS as a sealant between
adjacent wells, it did not result in any noticeable loss of sample.

The use of a clamping system which covers portions of the plate wells was
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necessary to provide adequate pressure for sealing. As each of the four bars covered one
column of 16 spots, each plate looses 64 spots, leaving a total of 320 spots available for
sample collection. Given that the parallel system uses 8 columns, this provides a total of
40 fractions per plate, per column. A total of two such on-target well-plate devices were
constructed, enabling proper balance of the plates during solvent removal in the
SpeedVac. With 8 columns, these two plates provide a total of 80 possible fractions per
column. A typical reversed-phase separation of peptides for LC-ESI MS/MS analysis is
about 2 hours in length, translating into the collection of 1.5 minute fractions. Thus, the
present platform can meet the demands of a proteomics analysis experiment (described
further in chapter 4). However, this number of fractions could be expanded or reduced as

warranted, with limitations only restricted to the number of plates available.

3.4 Conclusions

This chapter presented the development and evaluation of a novel parallel LC-
MALDI MS platform for the high-throughput analysis of proteome samples. The
evaluation of the system shows it is effective at reproducible and consistent separations
and reliable sample collection and high-throughput preparation for MALDI MS. The use
of such a system will no doubt enhance the ability to analyze complex proteome samples
faster than previously possible. However, the use of MALDI for large scale peptide
identification has apparently lessened over the past few years, as identifications from LC-
ESI MS/MS experiments provide bountiful and information-rich fragmentation data from
CID of multiply charged peptides. Nonetheless MALDI MS may continue to play an

important role in the search for protein biomarkers, provided that it is used appropriately.
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Chapter 4 of this thesis focuses on the evaluation and comparison of MALDI MS
to ESI MS for the analysis of complex peptide mixtures. From these results, an
application of the LC-MALDI platform for high-throughput quantitative proteomics

profiling is provided.
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Chapter 4

LC-MALDI MS for High-throughput Proteome Profiling

4.1 Introduction

The boundaries of proteome characterization have continuously been expanded;
through current proteomics technologies, the comprehensive analysis of a relatively
simple proteome is now possible. Taking the yeast proteome as an example, the number
of identifiable proteins in a single MS experiment increased from nearly 1,500 in 2001
(through a 2DLC platform) [83] to 4,399 quantifiable gene products (with a combination
of 1D SDS-PAGE, peptide isoelectric focusing and bottom-up LC-MS) [56], a number
which represents nearly the entire yeast proteome. Efforts are also being made to fully
characterize more complex eukaryotic cells, perhaps the most successful example being
the identification of 9,124 unique proteins from the Drosophila melanogaster proteome
[55]. This number represents 63% of all predicted gene products. These impressive gains
in protein detection and identification have partly come through improvements in MS
technology, including higher mass accuracy, scan speed and sensitivity. A large part of
comprehensive proteomics analysis is also owed to improved front-end sample
preparation techniques. Most notably, incorporating proteome prefractionation improves
the dynamic range of detection following bottom-up peptide analysis [192]. However,
this increase in separation comes at the expense of increased analysis time. For example,
Brunner’s in depth characterization of the Drosophila proteome involved 1,700 LC
MS/MS runs. Assuming zero downtime, this one experiment would easily consume some

20 weeks of continuous MS instrument time! Clearly, to enable the comprehensive



106

proteome screening of multiple samples, as is necessary for protein biomarker
identification, a more high-throughput method of analysis must be employed.

Protein quantitation is essential to candidate protein biomarker identification.
Quantitative workflows which employ two-dimensional gel electrophoresis, and variants
such as differential gel electrophoresis (DIGE) [99, 193, 194], are capable of visualizing
distinct proteins who’s expression level has varied between two or more proteomes.
Following this global visualization of the proteome, proteins of interest can be dissected
and identified through MS. However, gel-based approaches are not sufficiently sensitive
to visualize and enable identification of low abundance proteins, being the most likely
candidates for protein biomarkers. Alternative workflows to quantitative proteomics
analysis rely on bottom-up LC-MS/MS profiling of heavy/light tagged proteins (see
chapter 1). However, as illustrated above, comprehensive profiling entails considerable
fractionation and analysis time, as well as appropriate data mining to uncover candidate
protein biomarkers. Clearly, flaws exist in each of these two workflows for biomarker
discovery.

The premise of biomarker discovery is that only a small portion of a proteome is
varying between two physiological states of the organism. By this reasoning, a shotgun
approach to comprehensive proteome profiling is not only time consuming but inefficient
in that the majority of the identified proteins do not display variable expression. A
preferred alternative would be to conduct a protein identification experiment in a targeted
fashion. A targeted proteomics experiment involves the detection of ions of a specific
mass to charge ratio. This lends to greater sensitivity and speed of analysis. However, the

determination of which proteins (peptides) should be targeted, and how these proteins can
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be effectively visualized, is the focus of the current chapter.

The vMALDI LTQ linear ion trap mass spectrometer is a relatively recent
addition to MS" capable instruments with a MALDI source [195]. One of the key
advantages of this instrument, over other MALDI TOF platforms, is the low sample
consumption rate afforded by a low repetition laser and a sensitive ion trap analyzer
which requires pulsed ion filling. This allows a single spot to be analyzed over an
extended period without consuming the entire sample. Of course, a downfall to this slow
acquisition laser is that the vVMALDI LTQ is not ideal for comprehensive peptide
identification through MS/MS. To date, the vMALDI LTQ has mainly been used as an
imaging tool for profiling tissue samples [195-200]. However, we recognize a potential
for the vVMALDI LTQ in a protein biomarker discovery experiment. With a goal of
sensitive analysis of a tagged (heavy/light) proteome mixture, MALDI MS could
potentially serve a prominent role.

This chapter presents an evaluation and application of the Thermo vMALDI LTQ
as a profiling tool for fast determination of peptides which are of interest for down stream
analysis in a targeted quantitative workflow. First, a comparison of MALDI MS and
MS/MS with EST MS/MS on this instrument is performed, highlighting the strengths and
limitations of each technique. From this, a comprehensive proteomics profiling workflow
employing isotopically differentiated peptides 1is developed, incorporating the
multiplexed LC-MALDI platform presented in chapter 3, which aims to improve the

throughput of candidate protein biomarker discovery.
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4.2 Experimental

4.2.1 Materials and Reagents

All standard proteins used throughout the experiments, including bovine trypsin
(TPCK treated to reduce chymotryptic activity), were purchased from Sigma (Oakville,
ON, Canada). S. cerevisiae (cat. YSC2), formic acid and trifluoroacetic acid (TFA) were
also purchased from Sigma-Aldrich. Milli-Q grade water was purified to 18.2 MQ cm™.
The MALDI matrix, a-cyano-4-hydroxycinnamic acid (CHCA), was purchased from
Sigma (cat. C2020), and was recrystallized from 60/20/20 ethanol/methanol/water prior
to use. Solvents were of HPLC grade and were from Fisher Scientific (Ottawa, ON,
Canada). Deuterated formaldehyde, originally obtained from Cambridge Isotope
Laboratories (Andover, MA), was a gift from Ken Chisholm at the Institute for Marine
Biosciences in Halifax.

4.2.2 Sample Preparation and Tryptic Digestion

Protein standards were dissolved to a concentration of 2 mg/mL in water and kept
at -25°C. Standards were diluted to 0.1 mg/mL in 100 mM Tris-HCI buffer prior to
tryptic digestion.

Yeast proteins were extracted with three passes through a French press at 10,000
psi with 2% SDS in 20 mM Tris-HCI pH 8.0. Protein concentration was determined to be
about 10 mg/mL by Bradford assay and 1 mg aliquots were frozen at —25°C prior to use.
Prior to digestion, SDS was removed using the chloroform/methanol precipitation
method as described as described by Wessel and Fliigge [201] with two additional wash
steps with 400 uL of methanol to further reduce SDS concentration, centrifuging between

each wash. This was followed by suspension in 500 pL of 100 mM triethylammonium
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bicarbonate (TEAB) buffer at pH 8.0.

Prior to tryptic digestion, disulfide bonds were alkylated and reduced using 25 pL
of 200 mM dithiothreitol, incubating for 20 minutes at 55°C, followed by the addition of
5 pL of 200 mM iodoacetamide, with a 20 minute incubation in the dark, for every 5 ug
of protein standard, using 10 times the volume for the digestion of the yeast proteome.
Digestion was started with the addition of trypsin at a ratio of 1 to 100.

4.2.3 Differential Isotopic Labeling

Isotopic labelling of the resulting peptide digests was performed through the
addition of 1.8 puL of a 20% protonated or deuterated formaldehyde solution for every
200 pg of sample, which subsequently derivatized any free amine present, namely the N-
termini and lysines, followed by 5 minute incubation at room temperature. This was
followed by the addition of 2.1 uL of a 6 M sodium cyanoborohydride solution and
incubation for 2 hours to reduce the derivatized amines to form dimethyl functionalized
groups with mass shifts of 28 or 32 amu for the light and heavy label respectively.
Control and test samples were then combined in equal volumes and sample cleanup was
achieved through reversed phase chromatography. The cleaned peptides from RPLC were
lyophilized and kept at -25°C until just prior to MS analysis.

4.2.4 Matrix Deposition

Following removal of the Teflon well plate, a 2.5 puL solution of 2 mg/mL CHCA,
prepared in 50% ACN, 8% EtOH, and 42% water, was deposited on target. The solvent
was allowed to evaporate at room temperature.

4.2.5 MALDI MS/MS and ESI-MS/MS

Mass spectrometry was performed using a ThermoFisher LTQ linear ion trap
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mass spectrometer equipped with an ESI or vMALDI source. The MALDI source
employs a 337 nm nitrogen laser operating at 20 Hz. All data were acquired in positive
MS ion mode and CID of the precursor ions was accomplished using helium as the
collision gas. Instrumental parameters common to all MALDI MS experiments were:
automatic spectrum filter (ASF) and automatic gain control (AGC) both on; crystal
positioning system (CPS) for MALDI was used to select the location for sample ablation;
thresholds for MS and MS/MS signals were set to 5000 and 500 respectively. For both
MALDI and ESI, a dynamic exclusion list was employed to remove ions selected for
MS/MS analysis from further experiments. The ESI voltage was set to 2.5 kV and
transfer capillary was set to 200°C. The scan range for the MALDI MS experiments was
set to 800 - 4000 m/z, and 400 - 2000 m/z for the ESI MS experiments. Max fill time for
the ion trap was set to 100 ms, and automatic gain control was set to allow up to 30000
ions to enter the trap. For ESI, one MS scan was performed followed by 5 MS/MS.
Parameters that were varied to optimize the MALDI MS/MS analysis were: number of
microscans for both MS and MS/MS spectra, the data dependant acquisition procedure,
and total analysis time per spot. An average of 5 independent measurements, from
individually spotted samples, was used to obtain each measurement.
4.2.6 Data Analysis

Using the SEQUEST algorithm within the Bioworks software (Rev. 3.2), acquired
MS/MS spectra were searched against a custom built database containing the 10 protein
standards used in these experiments, including trypsin and keratin (a common
contaminant). Yeast peptides were searched against the S. cerevisiae proteome

(5/31/2005). Precursor mass tolerance was set to +2, full tryptic digestion with 3 missed
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cleavages, and dynamic modifications of carbamidomethylated Cys (+57.0215) and
phosphorylated Ser, Thr, and Tyr (+79.9663). Xcorr of 1.9 (+1), 2.2 (+2), and 3.75 (+3),
peptide probability < 1E-4 and ACN < 0.1 were set as filters, giving a false positive rate

of < 1% when searched against a decoy database.
4.3 Results and Discussion

A general outline of the targeted quantitative proteome workflow is as follows:

(1) Individually digest, then respectively label a control (healthy), and test (diseased)
proteome with formaldehyde (H/D)

(2) Combine control and test proteome samples, and fractionate through
multidimensional/multiplexed (parallel) LC.

(3) Collect fractions and deposit on target with MALDI well plate collector, evaporate
and prepare for MALDI MS analysis with matrix addition.

(4) Perform MS scans of the entire set of collected fractions.

(5) Data analysis identifies pairs of differentially expressed peptides, establishing
targeted biomarker candidates

(6) Reanalysis of select spots, through MALDI MS/MS, establishes identity of candidate
biomarkers.

The development of this quantitative MALDI MS profiling strategy incorporating
the multiplexed LC-MALDI system (chapter 3), first involves a comparison of MALDI
MS/MS and ESI MS/MS data dependent analysis strategies. This comparison established
the effectiveness of MALDI MS/MS peptide sequencing to that of conventional ESI-
MS/MS in terms of comprehensive peptide identification and, most importantly, speed of

analysis. As tandem MS analysis of peptides is required for unambiguous identification,
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its use in a quantitative profiling strategy would be extremely beneficial. However, as it
will be shown, the use of MALDI MS/MS peptide sequencing for comprehensive, high-
throughput profiling, is not an attainable goal. Fundamental limitations of this ionization
method do not predispose MALDI MS for use in this fashion. However, the comparison
also establishes the potential for MALDI MS to incorporate into a targeted proteomics
analysis workflow, a strategy which would be difficult to perform through ESIL.
4.3.1 Quality versus Quantity for Optimal MALDI MS/MS Profiling

The number of microscans, which is the number of spectra used to generate a
final averaged spectrum, used for MS and MS/MS spectra acquisition has an effect on the
number of MS spectra which can be collected in a given amount of time. A data
dependent acquisition (DDA) amounts to an automated approach to selecting peaks of
interest from an MS scan, and subjecting these peaks to MS/MS analysis. Optimization of
this parameter essentially involves a balance between quantity and quality; more
microscans will produce higher quality MS spectra, but this comes at the cost of
collecting a lower total of spectra in a given amount of time. With DDA, a greater
number of MS/MS scans per MS scan also results in acquiring more spectra for the
purpose of protein identification. However, as the laser moves to different positions on a
given MALDI spot, it is also possible that the spectrum will change and thus renewed
profiling of the spot through MS may be beneficial. Optimization of both parameters is
important to maximizing the number of peptide identifications in a time-limited
experiment.

Optimization was performed using 5 replicates of 1 pmol or 100 fmol of a BSA

digest on the MALDI target. For the microscan optimization, 1, 2, 3, and 5 scans were
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evaluated for both the profiling MS and MS/MS scans. For the DDA optimization, from 1
to 10 MS/MS scans were examined per profiling MS scan. Finally, these parameters were
also subjected to a time controlled experiment, acquiring data from a single spot for 15 s,
30 sec, 1 min, and 3 min (for microscan optimization) or 5 min (for DDA optimization).
The results of the microscan optimization and DDA optimization are shown in Figures
4.1 and 4.2 respectively.

As seen in Figure 4.1, it was found that 1 microscan for the MS/MS experiment
and 2 microscans for the MS profiling scan were sufficient to obtain maximal sequence
coverage for both the 1 pmol (Figure 4.1A) and 100 fmol (Figure 4.1B) samples over all
time points. Essentially, from these results, it would appear that maximizing “quantity”,
as opposed to increasing “quality” is the best strategy for data collection on the vVMALDI
LTQ. Averaging spectra limits the total number of scans produced in a given analysis
time. This is essentially the same effect that is happening when the time for data
collection is reduced. MALDI scan speed is constant, at approximately 1 second per scan,
and so the best approach to maximizing the number of peptide identifications,
represented as sequence coverage in this instance, is to ensure that every scan generates a
unique spectrum.

The same general result was observed from the optimization of the data dependent
acquisition strategy, which is shown in Figure 4.2. For this experiment, the number of
MS/MS spectra which were collected for each profile scan performed was varied from 1
to 10. The premise for this is that generally the MALDI MS spectrum may vary over a
given spot, due to possible “hot spots” in the sample from inhomogeneous crystallization.

As such, performing several profile scans would be advantageous to ensure the sample is
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Figure 4.1 Plots of average (n = 5) BSA sequence coverage versus number of
microscans. Data obtained through data dependent acquisition MALDI MS/MS
analysis of (A) 1 pmol and (B) 100 fmol of sample using 1, 2, 3, or 5 microscans per
MS and MS/MS spectra over varying amounts of time (see legend). Greatest
sequence coverage was obtained from analysis that used no more than 1 microscan
for collection of the MS/MS scan and 2 microscans for the MS scan for both sample
amounts and data collection times.
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Figure 4.2 Plots of average (n = 5) BSA sequence coverage versus DDA profiling
method. obtained from data dependent acquisition MALDI MS/MS analysis of (A) 1
pmol and (B) 100 fmol of sample. Numbers of MS/MS scans for every one MS
profiling scan was varied allowing different amounts of time for analysis (see legend).
Greatest sequence coverage was obtained when at least 4 or 5 data dependent

MS/MS scans were performed for every one MS profiling scan.
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thoroughly profiled. However, the time spent performing the profile scan sacrifices the
number of MS/MS scans which could have been performed in its place. From Figure 4.2,
a noticeable increase in identified peptides was obtained when increasing the number of
MS/MS scans per MS profile scan from 1 to 4. Beyond this, no noticeable increase in
sequence coverage was seen at all time points shown. Thus, performing 4 to 5 MS/MS
scans for every MS scan appeared to be optimal for all time points.
4.3.2 Comparison of MALDI and ESI for Analysis of a Complex Mixture

Both of the experiments above show the sequence coverage obtained from a
single protein, BSA, through varying collection parameters. While a single BSA digest
will generate several peptide products, a real proteome sample, even with fractionation,
could be much more complex. It is also of interest to compare the abilities of the
VMALDI LTQ to handle MS/MS analysis a complex mixture relative to ESI-MS/MS.
MALDI generally produces simpler spectra, due to the predominance of singly charged
ions as well as reduced effects from the presence of contaminants, thus it may be that
MALDI is a better candidate for the analysis of complex mixtures. A tryptic digest of a
10 protein mixture (listed in Table 4.1), results in the generation of hundreds of peptide
products. From this, a mixture containing 1 pmol per protein was spotted for MALDI,
while direct infusion of 1 pmol/uL per protein (2 ulL/min) was chosen for ESI. A 20
minute analysis time was examined, enabling detection of a maximum number of
peptides with each technique. The results of this comparison are shown in Table 4.1.
From 20 minute analysis, it was found that the number of peptides and proteins identified
by the MALDI MS/MS experiment from a single spot was greater than that obtained

from the ESI experiment. A total of 33 peptides, corresponding to 9 of the 10 proteins,



Table 4.1 Proteins identified in 20 minutes using ESI and
MALDL.

Sequence coverage (%)

Protein MALDI ESI
Amyloglucosidase 4.7 0.0
BSA 24.3 27.9
Ovalbumin 4.4 9.9
a-casein 26.6 0.0
Carbonic anhydrase 14.3 8.1
B-lactoglobulin 21.0 18.5
Myoglobin 21.5 57.5
Cytochrome c 25.0 67.3
Lysozyme 39.5 39.5
Ubiquitin 0.0 0.0
Total # peptides identified 33 27

Total # proteins identified 9 7

117
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where identified from MALDI MS/MS analysis, while only 27 peptides corresponding to
7 proteins were identified from the ESI MS/MS analysis. This demonstrates that, given
sufficient time, MALDI can handle considerably complex mixtures better than ESI. Even
though the scan speed for ESI MS/MS is much faster than MALDI MS/MS (close to an
order of magnitude greater spectral acquisition speed), MALDI still has potential to
profile a complex mixture.
4.3.3 Evaluation of MALDI MS/MS for High-throughput Data Collection

While the favourable capabilities of MALDI MS/MS on the LTQ have been
demonstrated, the practical applications of MALDI profiling in a high-throughput
profiling strategy for biomarker discovery must be considered. Consideration to the time
required for analysis is critical, and in the case of MALDI this translates to the time spent
per spot for data collection. Table 4.1 illustrates that with “unlimited” time, MALDI can
perform quite strongly. However, an optimal amount of analysis time per spot needs be
chosen which balances both the amount of data collected, with the overall throughput of
the experiment. Figure 4.3 plots the number of peptides, and corresponding proteins,
identified over the 20 minute analysis time from the 10 protein mixture described in the
preceding section. While several peptides/proteins were detected very early over the 20
minute data collection period, it is clear that, as the analysis progressed, a diminishing
rate of return in terms of peptide identification is achieved. The curve reaches a near
plateau at approximately 10 minutes of data collection, with marginal gains when the
collection time was doubled to 20 minutes. The general conclusion from this figure is that
MALDI MS/MS analysis of a complex mixture is possible, with potentially superior

profiling relative to LC-ESI-MS/MS. However, the amount of time required to achieve
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Figure 4.3 Plots showing the number of (A) peptides and (B) proteins identified over
time from a 10 protein standard digest mixture using MALDI MS/MS in data
dependent acquisition. Maximum protein and peptide identifications were reached by
10 minutes of data collection with only slight increases by the 20 minute time point.
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high proteome coverage does not enable a high-throughput strategy. For example,
considering a typical RPLC separation of a complex proteome digest, if 1.5 minute
fractions are collected from the separation, this would result in approximately 80 MALDI
spots. Optimal data acquisition (20 min/spot) from this relatively simple ~2 hour LC
separation through DDA MALDI MS/MS would take a full day of MS analysis to
complete. By contrast, similar analysis through online LC-ESI-MS/MS would naturally
take as long as the separation. While the total number of peptides identified through
online ESI-MS may not match that of an in depth MALDI MS/MS experiment, the time
scale between these experiments still favours ESI. Experience with the LTQ in ESI mode
dictates that approximately 500 yeast proteins can be identified per LC/MS run (results
not shown).

For MALDI MS/MS to be an effective high-throughput method, the time scale of
the analysis should be similar, if not shorter, than that of an LC-ESI-MS/MS experiment.
This would require that 1 minute analysis time is allotted per spot from a typical
separation with the collection of 1 minute fractions. From Figure 4.3, about 5 to 10
peptides can be identified from a spot in this time. Extrapolating from these numbers, and
assuming that unique peptides are identified in each spot, an LC-MALDI experiment
would identify roughly the same number of peptides to a typical LC-ESI-MS/MS run.
However, given that LC-MALDI is much more difficult to automate relative to LC-ESI,
the conventional experiment for protein identification is simply not practical.

The use of the vMALDI LTQ does permit MS/MS analysis, and thus can be used
for targeted peptide (protein) identification. This is demonstrated through analysis of

BSA peptides with MALDI and ESI MS in order to improve the confidence in
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identification through targeted MS/MS analysis. The LC separation was repeated for
replicate injections, subjecting the first run to online LC-ESI analysis, and the second run
to LC-MALDI sample collection. While several BSA peptides were confidently
identified (i.e., those who meet the filtering criteria) through LC-ESI-MS/MS, others did
not meet the filtering criteria and could not be confidently identified. Targeted analysis of
low confident peptides using MALDI MS/MS could improve their scores and BSA
sequence coverage. For example, the BSA peptide KVPQVSTPTLVEVSR was targeted
in the corresponding MALDI fraction determined from the LC-ESI-MS/MS run (results
not shown). The Xcorr value of this peptide increased from below a threshold value of
1.37 to a confident value of 4.06. This demonstrates that, given sufficient analysis time,
MALDI MS/MS can yield high confident protein identifications in a targeted strategy.
4.3.4 Quantitative MALDI MS Profiling of a BSA Digest

Beyond a targeted MALDI MS/MS analysis, MALDI MS profiling can analyze
hundreds of fractions generated from an LC separation in a relatively short amount of
time. In relation to early phase biomarker discovery, this approach is exactly what is
required for high-throughput analysis. This approach, however, requires a method to
differentiate between a test and control sample in order to determine which peptides may
be selected for targeted analysis. One method is to use differential isotopic labeling of the
test and control sample in order to uncover differences in relative abundances for
respective peptides. The approach to protein labeling chosen incorporates dimethylation
of free amines using formaldehyde or deuterated formaldehyde [145-151].

This labeling method was evaluated for use on the high-throughput LC-MALDI

MS platform. A BSA digest was split in two, one being subject to light tagging and the
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other to heavy tagging, with subsequent mixing of samples in a 1:1 ratio. A one
dimensional LC separation was performed, injecting eight replicate samples onto the
multiplexed RPLC columns (described in chapter 3). Fractions were collected using the
LC-MALDI well plate device. Total analysis time for MALDI was 30 seconds per spot
with averaging of 15 MS spectra. MS spectra, collected from two time points, on
columns 1, 4, and 8 are presented in Figure 4.4. The MS spectra show that the
consistency in elution time between the columns of the parallel system is very high. Also,
the expected 1:1 ratio of BSA peptides (shown in Figure 4.4D) validates the isotopic
labelling procedure for accurate quantitation analysis. A control test of this system for the
purpose of targeted biomarker analysis is presented below.
4.3.5 High-throughput LC-MALDI MS Profiling for Biomarker Discovery

To test the MALDI workflow for high-throughput biomarker discovery, a yeast
proteome was digested, split equally, differentially labelled, and combined at a 1 to 1
ratio; making the assumption that the relative abundances of the majority of proteins in
differential proteomics analysis are at a ratio of 1 [202]. Isotopically labelled peptides
generated from digestion of protein standards were spiked in to act as “biomarkers”. A
list of the protein standards with the concentration they were present in the sample, the
ratio at which they were spiked into the sample, as well as the number of peptides which
were identified is given in Table 4.2. This mixture was subjected to strong cation
exchange, splitting into 8 fractions, followed by multiplexed RPLC separation of each
fraction. Eighty fractions per column were collected across two MALDI well plates
(chapter 3). All spots (640 in total) were profiled using MALDI MS, averaging up to 15

microscans per spot, with an analysis time limited to no more than 45 seconds per spot
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Figure 4.4 LC-MALDI MS analysis of differentially labeled BSA peptides. Scans
shown are samples of fractions 10 and 15 from columns (A) one, (B), four, and (C) 8.
The consistency in the elution between columns as well as the expected one to one
ratio, clearly shown in D, shows that this approach may be useful for incorporation
into a high-throughput quantitative profiling workflow.
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with an average data acquisition is complete in 30 seconds per spot. Total analysis was
complete in less than 5.5 hours. In comparison, ignoring replicate analysis, online LC-
ESI-MS/MS analysis of 8 IEX fractions would take ~16 hours to complete employing a
conventional 2 hour RPLC separation.

The majority of ion pairs observed in these MS spectra exhibit 1:1 ratios, and thus
originate from the “background” yeast proteins. Peptide pairs exhibiting ratios other than
1:1 were also observed, and these peptides are of interest to a biomarker profiling
experiment. For example, shown in Figure 4.5, the profiling of IEC fraction 1, RPLC
fraction 28, revealed a peptide pair at masses 1278.0 and 1290 at a ratio close to 2:1.
Indeed, when looking at the peptides produced from the protein standards, this pair
matches to a peptide generated from the tryptic digestion and labelling of B-lactoglobulin,
which was indeed spiked into the yeast sample at a ratio of 2 to 1 at concentration of 5%
w/w of the total mass of yeast protein sample (Table 4.2). This strategy was capable of
detecting the lowest protein spiked into the sample, ubiquitin, which was present at a
concentration of 0.1% w/w, with one peptide being identified.

Some deviation in the relative abundance ratios was observed. This is attributed to
the presence of background yeast peptides which overlap in m/z value to that of the
peptides of the protein standards. For the purpose of early stage biomarker discovery,
however, this would not be a major difficulty, as only peptide pairs with a relative
abundance ratio deviating from a value of 1 are of interest. More accurate quantitation
would be performed during the late stage targeted analysis. However, there is a
possibility for false positive detection of potential biomarkers due to the interference of

peptides with similar masses in the sample. Overlap in the MS spectrum would artificial
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Figure 4.5 LC-MALDI MS profiling of a yeast peptide mixture containing spiked
protein standards as model biomarkers. (A) MS profile scan of RPLC fraction 28 from
IEC fraction 1. The maijority of peptide ions observed were from yeast proteins and
have relative ratios near 1 to 1 with their differentially tagged partner. One pair of
masses, however, was observed with a ratio near 2:1. The masses and ratio of these
peptides (B) were matched to those belonging to B-lactoglobulin A as observed in a
control spectra (C).
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Table 4.2 Detection of protein standard “biomarkers” in yeast.

. Concentration # peptides Spiked ratio Average
Protein (% wiw)  observed  (HD)y  opserved
ratio (H/D)*
B-lactoglobulin 5 5 2/1 20+£0.3
Carbonic anhydrase 1 4 1/3 04+0.1
a-casein 0.2 1 50/1 N/A
Ubiquitin 0.1 1 5/1 N/A

H = dimethylated using light (protonated) formaldehyde
D = dimethylated using heavy (deuterated) formaldehyde
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skew the relative abundance ratio from 1. While this may be a minor issue, it would lead
to a loss in time during the validation stage as these false discoveries are examined later
in targeted strategies. This highlights the need for effective separation methods at both

the intact and peptide level.

4.4 Conclusions

In this chapter, the development of a high throughput MALDI MS proteome
profiling strategy, incorporating multiplexed LC-MALDI separations is presented.
Validation of the strategy followed a comparison of MALDI and ESI ion sources on the
linear ion trap mass spectrometer, which highlighted how comprehensive MALDI
MS/MS profiling is not a practical method for high-throughput proteome
characterization. While MALDI MS/MS can compete with conventional LC-ESI-MS/MS
data dependent analysis, generating large numbers of high confident peptide
identifications, the time needed for comprehensive profiling is significantly greater than
ESI. As an alternative strategy, targeted MS/MS analysis is possible, following complete

MALDI MS profiling of multiple spots in a short period of time.
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Chapter 5

Tryptic Digestions in Aqueous/organic Solvent Systems

5.1 Introduction

Sample preparation is a critical component of the proteomics workflow. In
particular, bottom-up peptide analysis relies on effective methods for proteome digestion
prior to MS analysis. Often incorporating enzymatic cleavage, this vital component of the
analytical workflow aims to provide adequate quantities of suitable peptides for protein
identification or quantitation. In terms of throughput, sample digestion can represent a
bottleneck in the analysis and many protocols require overnight incubations to complete
the digestion. In order to streamline and improve throughput of a proteomics workflow,
including the LC-MALDI platform described in the previous two chapters, improved
protein digestion protocols must be developed and evaluated.

The most popular protease used in proteomics analysis is trypsin. A variety of
approaches to enhance tryptic digestion efficiency have been developed. These methods
include the modification of solvent composition [203-206], the addition of solubilizing
detergents [207], the use of microwave energy to enhance digestion [208, 209], the
immobilization of trypsin or substrate to a bead or nanoparticle surface [210-212], as well
as off-line and on-line microreactors [213-216]. Of interest are the reports of improved
MS sequence coverage from tryptic digests in solution prepared with high concentrations
of organic solvent [204, 205, 217-219]. Besides effecting the enzymatic activity, organic
solvents also denature the protein sample, allowing for easy access of the protease to the

protein. The simplicity of this procedure has significant benefits for performing routine
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high-throughput analysis and would have potential to integrate into our LC-MALDI
platform (chapter 3). In this case, fractions collected following intact RPLC separation
could be immediately subject to in-well enzymatic cleavage, prior to concentrating the
samples onto the MALDI collector plate. The incorporation of organic solvents has also
been shown to have significant benefits for the solubilization and digestion of
hydrophobic and globular proteins.

With a goal of incorporating the method of organic solvent-assisted tryptic
digestion of proteins into the LC-MALDI workflow, a detailed investigation on the
efficiency of tryptic digestion in high organic solvent was conducted. Our work
confirmed the results in that the MS sequence coverage from tryptic digests in high
organic solvent had increased.

Presented in this work is an examination of the effect of organic solvents on the
proteolytic activity of trypsin and the nature of the resulting peptide products. Using a
standard BAEE (N,-benzoyl-L-arginine ethyl ester) assay, the level of tryptic activity
was assessed over varying concentrations of acetonitrile at varying temperatures and pH.
The proteolytic products were extensively characterized through a combination of liquid
chromatography coupled to ultraviolet detection (LC-UV) as well as one-dimensional gel
electrophoresis followed by silver staining, and qualitatively via MS-based peptide
sequencing. A detailed examination and comparison of the particular peptide products
generated under different digestion conditions was also provided through the use of
isotopic labeling for relative quantitation of digestion products. Contrary to previous
reports, these results reveal that the activity of trypsin at high concentrations of organic

solvent is significantly impaired. An alternative explanation for improved sequence
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coverage under apparently poor digestion conditions is therefore provided.

5.2 Experimental

5.2.1 Materials and Reagents

All standard proteins, including TPCK-treated trypsin and N,-benzoyl-L-arginine
ethyl ester (BAEE) were purchased from Sigma (Oakville, ON, Canada). S. cerevisiae
(cat. YSC2), formic acid, trifluoroacetic acid (TFA), and trisodium phosphate were also
purchased from Sigma. Tris HCI, iodoacetamide and dithiothreitol (DTT), along with gel
preparation materials were purchased from Bio-Rad (Hercules, CA). Milli-Q grade water
was purified to 18.2 MQcm™. Solvents were of HPLC grade and were from Fisher
Scientific (Ottawa, ON, Canada).
5.2.2 BAEE Assay

Trypsin activity was determined using a standard protocol [220, 221]. In brief, a 3
mL mixture of BAEE (0.086 g/L) was prepared in 67 mM Tris/HCI or 67 mM phosphate
buffer at various pH, organic composition and temperature. To this mixture, 0.2 mL of
trypsin (0.012 g/L) in 0.001 M HCI was added directly before measurement. Absorbance
readings of the sample were taken at 253 nm over 5 minutes using an Agilent 8353
spectrophotometer (Palo Alto, CA) with a 1 cm pathlength quartz cuvette.
5.2.3 Tryptic Digestion

100 pL aliquots of protein sample were buffered to pH 8 with 100 mM Tris-HC1
buffer. The breaking and reduction of disulfide bonds was performed by addition of 2 pLL
of 200 mM DTT and incubation at 55°C for 20 minutes, followed by 5 pL of 200 mM

iodoacetamide and incubation at room temperature for a further 20 minutes in the dark.
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Digestion was performed using a 50:1 protein to trypsin mass ratio at various
temperatures and durations. Digestions were stopped by lowering the pH to
approximately 3 with the addition of 5 pL. of 10% formic acid or TFA.
5.2.4 Liquid Chromatography

Reversed-phase liquid chromatography was performed using an Agilent 1200
HPLC system (Palo Alto, CA) with autosampler and diode array detector. A 5 uL. portion
of digested sample was injected onto an Agilent Zorbax SB C,g column (150 x 0.5 mm
i.d.) at a flow rate of 10 pL/min followed by gradient elution between solvent A (water,
2% acetonitrile, 0.1% TFA, v/v/v) and solvent B (100% acetonitrile, 0.1% TFA, v/v). The
gradient consisted of a 5 minute hold at 2% B followed by an increase from 2 to 52% B
over 50 minutes and then ramping to 80% B in 60 seconds to wash the column. The
eluting peptides were monitored at wavelength of 214 nm.
5.2.5 Gel Electrophoresis

BSA samples digested with trypsin under varying conditions were processed by
gel electrophoresis. An 18% resolving gel with a 4% stacking gel in a discontinuous
buffer system was used [90]. Samples were heated at 95°C for 5 minutes in a reducing
sample buffer, and loaded in 50 pug aliquots. Molecular weight standard markers (Bio-
Rad, 10-250 kDa) were loaded onto each gel to provide a comparison point for samples.
Gels were stained using the Bio-Rad Coomassie Blue staining method according to
manufacturer’s instructions.
5.2.6 Mass Spectrometry

LC-MS was performed using a ThermoFisher LTQ linear ion trap mass

spectrometer equipped with an ESI source. The ESI voltage was set to 2.5 kV and



132

transfer capillary was set to 225°C. The scan range was set to 400-2000 m/z for all
experiments. Max fill time for the ion trap was set to 100 ms, and automatic gain control
was set to allow up to 30,000 ions to enter the trap. Data dependant acquisition was set to
collect 1 MS scan followed by MS/MS of the top 5 ions. Dynamic exclusion was used to
exclude previously selected ions from further MS/MS analysis for two minutes. Reversed
phase LC was performed by gradient elution from 98% A (0.1% formic acid in water) to
50% B (0.1% formic acid in acetonitrile) over 50 minutes. A volume of 1 pL of each
digest was injected onto a Phenomenex monolithic C;g column (150 x 0.1 mm) and
separated at a flow rate of 2 pL/min.
5.2.7 MS Quantitation and Data Analysis

Relative quantitation was performed of BSA peptides generated from the different
aqueous and organic conditions using protonated and deuterated formaldehyde (14.3 puL
of a 20% solution per 200 pg of peptide, 5 minute incubation) to isotopically label free
amine groups (N-terminus and lysines) with a +28 or +32 mass shift for each labeling site
following reduction with 16.7 uL of a 6 M sodium cyanoborohydride solution per 200 pg
of peptides for 2 hours. Isotopically labelled peptides were cleaned of residual reagents
through reversed phase chromatography, dried to remove solvent, and subjected to LC-
MS/MS analysis. Data was analyzed using customized quantitation software in
MASCOT (Matrix Science, London, UK).

For quantitation of the BSA peptides, peak lists for MS/MS spectra were
extracted using the analyst QS script MASCOT.dIl after smoothing, deisotoping, and
discarding all spectra with less than ten peaks. Peptide sequences were then assigned

using MASCOT to search the Swiss-prot database, limiting to the class Mammalia, with
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the following search parameters: Peptide tolerance + 1.2 Da, MS/MS tolerance + 0.8 Da,
max 3 missed cleavages. Fixed modifications were: carbamindomethyl (C), 2CH; (K, N-
terminus), 2CD,H (K, N-terminus). MASCOT searches were based on a significance
threshold of p<0.05. Automated quantification was performed with a Visual Basic
program written by staff of the National Research Council Institute for Marine Biology
(NRC-IMB, Halifax, NS, CA). Briefly, the program parsed the MASCOT results file for
peptide information and accessed the raw data via Analyst QS library files. Only peptides
that matched to bovine serum albumin better than any other protein in the database (#1
rank) with MASCOT scores of 25 or greater were selected for quantification. Peptide
quantitation results with a correlation value below 0.7 were discarded and the results and
raw data of the remaining peptides were manually inspected to ensure correct assignment

of peptide pair masses and removal of any low intensity/noisy spectra.

5.3 Results and Discussion

5.3.1 Sequence Coverage Following LC-MS/MS Analysis

The use of organic modifiers to improve the efficiency of tryptic digestions for
proteomics applications is a common protocol used by several labs [203, 205, 206, 209,
218, 222, 223]. The ability to improve the sequence coverage of low quantities of
proteins in very high (80%) concentrations of organic solvent following LC-MS/MS has
been demonstrated in short digestion times (1 hour or less) [204, 205].

To confirm these results, a similar experiment was conducted by comparing the
sequence coverage obtained via LC-MS/MS from the tryptic digestion of BSA at

different concentrations of acetonitrile. The reaction temperature was chosen as an
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additional variable, assessing sequence coverage at both the optimal temperature for
trypsin at 37°C as well as cooler at room temperature (24°C); the results of this
experiment are presented in Table 5.1. The results obtained confirm that improved
protein sequence coverage can be obtained through tryptic digestion at high
concentrations of organic solvent. Specifically, while it is noted that a drop in enzyme
activity is experienced in a solution comprising 50% ACN, the sequence coverage
increases to a maximum level when the ACN concentration is further increased to 80%.
Interestingly, an even greater improvement in sequence coverage was obtained from the
digest performed at room temperature compared to that at 37°C. This improvement was
seen at all concentrations of acetonitrile, and has not been previously reported in the
literature. This result is counter intuitive in that one would expect a 37°C digestion would
provide optimal enzyme activity, and thus optimal sequence coverage.

The experiment was repeated using additional standard proteins, and comparing 1
hour digestions at 24°C and 37°C in 80% acetonitrile; these results are given in Table 5.2.
Again, improved sequence coverage was obtained for each protein standard from
digestion performed at room temperature, rather than at the typical 37°C, while in the
presence of 80% ACN. To investigate the underlying cause for improved sequence
coverage, the enzyme activity of trypsin at varying concentrations of acetonitrile in water
was evaluated through a standard BAEE assay, investigating both the temperature of the
reaction, as well as the solution pH, using the standard BAEE assay.
5.3.2 Tryptic Activity Measurements using the BAEE Assay

The BAEE assay involves monitoring the rate of hydrolysis of N-benzoyl-L-

arginine ethyl ester by trypsin and observing the change in the ultraviolet absorbance of



Table 5.1 Percent sequence coverage from a 1 hour

BSA digest.
Temperature (°C)
% ACN 24 37
0 27.7 21.2
10 36.4 33.5
50 22.4 11.6
80 57.4 23.6
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Table 5.2 Percent sequence coverage of protein

standards.
Temperature (°C)

Protein 24 37
BSA 55.4 33.7
Myoglobin 45.1 9.8
Cytochrome ¢ 51.0 34.6
B-lactoglobulin A 34.6 284
Lysosyme 46.5 20.2
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the solution over time; the reaction is shown in Figure 5.1.The digestion variables
included organic solvent concentration (0 to 80%), temperature (4 to 37°C), as well as pH
(4 to 10). A 3D surface plot was constructed from the results of this experiment,
displaying activity versus %ACN and pH at room temperature (Figure 5.2A) and activity
versus %ACN and temperature at pH 8.0 (Figure 5.2B). Phosphate buffer was used as it
is useful over the entire pH range being tested; however, it was not soluble at acetonitrile
concentrations greater than 50%.

Assaying the enzymatic activity of trypsin in solutions of varying pH also served
as a control to validate the BAEE assay. Trypsin has maximal activity at pH 8 in water
with no acetonitrile and deviations from this pH should result in reduced enzymatic
activity. As seen in Figure 5.2A, in a purely aqueous environment the enzymatic activity
had a maximum value at pH 8, validating the results of this experiment. Even the
presence of acetonitrile did not appear to have any impact on the optimal pH for tryptic
activity. Enzymatic activity did improve with acetonitrile concentrations around 20 to
30% at pH 8 with a subsequent drop after 30%. Assays at a higher pH of 9 showed a
decrease in the range of maximal activity to 20% ACN before the drop in activity while a
lower pH value of 7 showed a shift to higher ACN concentrations with maximal activity
observed between 30 and 40% ACN.

The examination of tryptic activity over varying temperature and acetonitrile
concentration, as shown in Figure 5.2B, revealed that the enzymatic activity of trypsin in
a purely aqueous environment improved with increasing temperature as expected. The
addition of acetonitrile, however, had a profound effect. At 37°C the activity of trypsin

decreased quickly past 30% acetonitrile. At temperatures below 30°C, the enzymatic



138

N
% /O
- cH. "2 CH
H,N<_-N 2 3
2 \|/ CH,” \CHZ |r \CHZ/
NH O
H,O
Trypsin
>
/w¢o
HCI NH
H EtOH
H.N N CH, OH +
YoM Thew;
NH O

Figure 5.1 Chemical reaction of the BAEE assay. Na-benzoyl-L-arginine ethyl ester
is hydrolyzed by trypsin forming the product Na-benzoyl-L_arginine and ethanol. The
change in absorbance of the solution following addition of trypsin is monitored at a
wavelength of 253 nm. The rate of change in absorbance is related to the enzymatic
activity of trypsin in the solution.
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Figure 5.2 Enzymatic activity of trypsin under various conditions. Activity was
normalized to that obtained in pure aqueous at pH 8.0, at different %ACN with
varying (A) pH at 37°C and (B) temperature at pH 8. The addition of ACN at varying
pH values did not appear to have a drastic effect upon the activity of trypsin, although
activity did decrease sooner at the extreme pH values than it did at pH 8. Maximal
tryptic activity was observed at an acetonitrile concentration between 20 — 30% and a
temperature of 37°C. With increasing amounts of ACN at this temperature the activity
quickly drops. However, the addition of acetonitrile at low temperatures appear to
improve the activity.
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activity of trypsin actually improved at 30% or greater concentrations of ACN in
comparison to 37°C, with activity decreasing gradually below 20°C. This trend seems to
correlate with improved sequence coverage of proteins digested in higher concentrations
of organic solvent at room temperature rather than the typical 37°C. However, it remains
to be explained why it is that the sequence coverage of proteins improve following
digestion in 80% ACN.

The enzymatic activity of trypsin was examined at higher concentrations of
acetonitrile. Due to the insolubility of phosphate buffer in solutions composed of 50%
ACN or greater, Tris-HCI buffer was chosen to permit assessment of enzyme activity at
up to 80% acetonitrile, but at a constant pH of 8. Using Tris-HCI as the buffering agent,
the tryptic activity was assessed at a constant pH of 8 and temperature of 24°C over
varying percentages of acetonitrile. The results of this experiment are shown in Figure
5.3 Examining this plot the greatest activity value for trypsin was obtained at an
acetonitrile concentration of 20%. At acetonitrile concentrations greater than 20%, the
activity continued to decrease. While 80% acetonitrile provided the greatest sequence
coverage for all protein standards tested with LC-MS/MS, the activity of trypsin was in
fact the lowest. The results from this experiment clearly contradict the explanation that
observed improvements in sequence coverage of proteins at high concentration of
acetonitrile are due to improved enzymatic activity of trypsin. The actual explanation for
this observation must therefore reside in the types of peptides which are generated under
differing digestion conditions. To test this hypothesis, an examination of the peptides

generated from the tryptic digests under altering solvent compositions was performed.
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Figure 5.3 Tryptic activity from 0% to 80% ACN. Activity was normalized to 0% ACN,
at 37°C, pH 8. As was already observed, and presented in Figure 5.2A, maximal
activity was seen at an ACN concentration of 20%. Above this, a steady decrease in
activity was observed with lowest activity at 80% ACN, with only 10% of the activity
remaining as compared to pure aqueous.
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5.3.3 Qualitative Examination using RPLC-UV and SDS-PAGE

One possible argument for the apparent disparity between the observed enzymatic
activity of trypsin at a high concentration of acetonitrile and improved protein sequence
coverage is that the BAEE assay, being based on a substrate mimic not an actual protein,
does not accurately reflect the true activity of trypsin when it is acting on a protein under
these conditions. To determine if this argument is valid, a qualitative analysis of the
peptides produced from the tryptic digestion of BSA at various concentrations of
acetonitrile and temperature was performed using RPLC with UV detection and SDS-
PAGE. The RPLC chromatograms, as well SDS-PAGE visualizations, are presented in
Figure 5.4. Examining these images it is clear that the extent of digestion at increasing
concentrations of acetonitrile becomes progressively decreased. This is noted through
observation of high levels of undigested intact BSA remaining in the digestions at 80%
acetonitrile. From the gel image of the 80% ACN digests at either 24°C or 37°C, a
significant number of larger protein bands are visible with apparent molecular weight
above 10 kDa. Compared to digests performed in lower concentrations of acetonitrile
(<10%), it is clear that digestion efficiency is severely compromised at higher
concentrations of ACN. This observation is also confirmed in the UV chromatograms,
which show significant amounts of intact BSA and decreased absorbance of the eluting
peptides. The results from this experiment confirm the decreased enzymatic activity for
trypsin at high concentrations of ACN, even when the enzyme is acting on a protein
substrate. To determine why inefficient protein digestion, which leaves the majority of
the protein undigested, and generating larger peptide fragments, results in improved

sequence coverage by MS, a more detailed examination of the peptide fragments was
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Figure 5.4 Results of the (A) RPLC-UV and (B) SDS-PAGE analysis of a BSA digest
perfomed at 24°C and 37°C with 0, 10, 50, and 80 percent acetonitrile for 1 hour.
Both of these techniques confirm that at higher percentages of acetonitrile the
efficiency of the tryptic digest is very poor, which confirms the result from the BAEE
assay, evident by the reduced number of peptide signals in the chromatograms,
greater number of heavy peptides as seen in the SDS-PAGE images, as well as

evidence of remaining BSA in both.
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performed using LC-MS/MS.
5.3.4 Peptide Sequencing and Relative Quantitation

The contradicting results of poor digestion efficiency and improved sequence
coverage may be resolved through a more detailed analysis of the peptides which were
identified by the MS analysis. Shown in Table 5.3 are the list of peptides and the number
of missed cleavage sites present of those that were identified in the aqueous digest at
37°C along with those detected from the 80% ACN digest at room temperature using LC-
MS/MS. Sequences with one or more missed cleavage site, which were not identified
within peptides with no missed cleavages, are in red and underlined. The most important
difference between these two lists is that the peptides identified from the organic
digestion not only contain a greater number of peptides, but a greater number with missed
cleavage sites. Interestingly, a number of peptides containing missed cleavages from the
high organic solvent digestion were not identified as corresponding fully tryptic peptides
in the purely aqueous digestion. For example, the peptide CCAADDKEACFAVEGPK,
identified in the organic solvent digestion, contains one missed cleavage. A portion of its
sequence, EACFAVEGPK, was detected alone in both the aqueous and organic
digestions following LC-MS/MS. However, the remaining portion of the peptide, the
sequence CCAADDK, was not detected as an individual peptide in either sample. From
these results, it was deduced that improved sequence coverage for proteins digested by
trypsin in the presence of high concentrations of acetonitrile may be due to the formation
of a greater number of peptides with missed cleavage sites as compared to the same
digestion performed in water. These peptides, with missed cleavage sites, may contain

unique amino acid sequences from the parent protein that would otherwise go undetected



Table 5.3 Peptide sequence and number of missed cleavage sites.

145

DAIPENLPPLTADFAEDKDVCK
AFDEKLFTFHADICTLPDTEK
LKECCDKPLLEK
LSQKFPKAEFVEVTK
KVASLRETYGDMADCCEK
QEPERNECFLSHKDDSPDLPK
YICDNQDTISSKLKECCDKPLLEK

Aqueous at 37°C 80% ACN at 24°C

MC Sequence MC Sequence

0 ALKAWSVAR 0 AEFVEVTK

0 KQTALVELLK 0 YLYEIAR

0 ECCDKPLLEK 0 DLGEEHFK

0 HLVDEPQNLIK 0 SHCIAEVEK

0 YICDNQDTISSK 0 ECCDKPLLEK

0 SLHTLFGDELCK 0 EACFAVEGPK

1 CASIQKFGER 0 LVNELTEFAK

1 LKECCDKPLLEK 0 SLHTLFGDELCK

1 LCVLHEKTPVSEK 0 HPEYAVSVLLR

1 VPQVSTPTLVEKVSR 0 YICDNQDTISSK

1 YICDNQDTISSKLK 0 TCVADESHAGCEK

1 CCAADDKEACFAVEGPK 0 ETYGDMADCCEK

2 LCVLHEKTPVSEKVTK 0 EYEATLEECCAK
0 VPQVSTPTLVEVSR
0 YNGVFQECCQAEDK
0 RPCFSALTPDETYVPK
0 DAIPENLPPLTADFAEDK
1 KQTALVELLK
1 LCVLHEKTPVSEK
1 DDPHACYSTVFDKLK
1 LAKEYEATLEECCAK
1 CCAADDKEACFAVEGPK
1 VHKECCHGDLLECADDR
1
1
2
2
2
2
2
3

RMPCTEDYLSLILNRLCVLHEKTPVSEK

MC = number of missed cleavage sites
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in MS analysis if digestion had gone to completion.

To test this hypothesis, a comparison of the types of peptides generated from the
digestion of BSA in aqueous and 80% acetonitrile solutions was performed using relative
quantitation through isotopic labeling. Each digestion was replicated five times and
peptides were only considered for quantitation if detected in at least three of the five
samples. Table 5.4 summarizes the results from this experiment. For the 5 minute
digestion, a significantly greater concentration of peptides was obtained from the aqueous
digestion relative to the organic digest. Even peptides with missed cleavages sites were
present in greater amounts in comparison to the organic digestion. This is attributed to the
greater yield from the aqueous digestion is such as short digestion period. Many of the
peptides produced in the 5 minute digestion from the organic digestion were likely too
large to be detected using LC-MS/MS on the linear ion trap. However, there were some
exceptions, such as NECFLSHKDDSPDLPK, which was found in the 5 minute organic
digestion at a greater than 5 fold concentration to that the aqueous digest. In contrast, it
was found in the 1 hour digestion that average the number of peptides with zero missed
cleavage sites was double to that found in the organic digest while the number of peptides
with one missed cleavage site was found to be double in the organic, and 5 times the
number of peptides with 2 missed cleavage sites was found in the organic digestion in
comparison to the aqueous digestion. Still, peptides with zero missed cleavage sites were
found at a greater concentration in the aqueous compared to the organic, though the
concentration of these peptides in the organic digest was greater than at a rapid 5 min
digest. This would seem to rule out the use of a 5 minute organic digestion as an optimal

method for generating suitable peptide products for LC-MS/MS; 1 hour organic digestion



Table 5.4 Relative quantitation of BSA peptides.

5 min. 1 hour Overnight
# missed
Cleavages A/O + STD A/O + STD A/O + STD
0 9+ 4 21+ 0.7 1.3+ 04
1 10+ 6 05+ 0.2 0.7+ 0.2
2 16 £ 12 0.16 £ 0.06 0.7+ 0.6
All peptides 11+ 6 1.3+ 0.5 1.1+ 04

A = Aqueous 37°C
O =80% ACN 24°C
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generated more suitable peptide products. Although several peptides unique to the
organic digestion were found, the overall yield for many of the other peptides was very
low compared to a standard aqueous digestion.

The results from the overnight digestion show that the ratio of peptides with zero,
one, and two missed cleavage sites had shifted closer to 1 between the organic and
aqueous digestion, indicating that the sample composition had become more similar in
comparison to the 5 minute and 1 hour digestions. With a purpose of maximizing the
generation and detection of complementary peptide sequences, as well as maximizing
yield, this would indicate that a 1 hour digestion in 80% ACN would be the most useful
for enhancing protein sequence coverage compared to the 5 minute or the overnight
digestion.

This is further highlighted from the sequence coverage obtained of the 5 minute, 1
hour, and overnight digestion in organic shown in Table 5.5. Average sequence coverage
from the organic digestion of 43% was obtained from the 5 minute digestion, 63% from
the 1 hour, and 58% from the overnight, in comparison to the aqueous digestion which
had a nearly consistent 60% sequence coverage across all three time points. Combining
the peptides from all replicate samples, the multiconsensous (aggregate data) results show
that the organic digestion contains a greater number of unique BSA peptides compared to
the aqueous digestion, with the 1 hour providing the greatest sequence coverage of 76%
compared to the greatest sequence coverage obtained from the aqueous digestion
performed overnight with 63%.

The use of a 1 hour organic digestion seems to be useful for providing unique

peptides which are not observed in a typical overnight aqueous digestion. Assuming that



Table 5.5 Sequence coverage of BSA from five replicate digestions.

Aqueous 37°C 80% ACN 24°C
Sequence Sequence
Time coverage (%) Multi® coverage (%) Multi
5 min 60 = 4 71 43 £ 10 71
1 hour 59 + 3 65 63 + 7 76
overnight 62 + 63 58 + 13 72

Amulticonsensus results: aggregate % sequence coverage using all
peptides identified from all replicates
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these results are not unique to the BSA protein, one may extrapolate the method to
enhance proteome coverage (i.e., digestion and analysis of complex protein mixtures).
The application of a 1 hour organic digestion, combined with overnight aqueous
digestion was conducted for analysis of a yeast proteome.

5.3.5 Application for the Improved Coverage of a Yeast Proteome

From the quantitation data, a 1 hour room temperature digestion in 80%
acetonitrile is optimal for producing suitable peptide fragments which lead to greater
protein sequence coverage. However, many complementary peptides can be generated in
high yield from a purely aqueous digests. Thus, a combination of these two different
protocols should provide increased sequence coverage and higher identifications for
proteins from a complex proteome mixture.

A yeast proteome extract was split into two equal portions and subjected to
digestion using two protocols: aqueous at 37°C overnight and 80% ACN at room
temperature for 1 hour. The resulting peptide mixtures were independently separated by
cation exchange chromatography into 9 fractions which were then subject to duplicate
analysis using LC-MS/MS. A Venn diagram comparing the identified proteins and
corresponding peptides between the organic and aqueous digests and their respective
replicate runs are presented in Figure 5.5. The use of replicate analysis of a complex
proteome mixture results in improved proteome coverage for both the organic and
aqueous digested samples. The number of proteins identified from the aqueous digestion
increased from 692 to 751, nearly an increase of 10%. For the proteins identified from
replicate analysis of the organic digest, an increase from 536 to 616, about a 15%

increase, was observed. In terms of peptides, an approximate increase of 20% of the total
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Run 2 Total unique

Run 1
A u proteins/(peptides)

751

168
(1996)

(633)

386 616
(728) (1437)

786
(2137)

Figure 5.5 Venn diagrams of the yeast proteins and peptides identified from the
aqueous and organic digestions following SCX and LC-MS/MS analysis.
Comparisons are made between (A) replicate analyses of the aqueous digest, (B)
replicate runs of the organic digest, and (C) combined organic and aqueous digest.
Replicate analysis of the peptide fractions from SCX of the organic and aqueous
yeast proteome digests improved the total number of unique proteins and peptides
identified. As independent protocols, the aqueous digest is superior to that of the
organic digestion for this complex sample. However, as shown in C, combining the
two digestion protocols resulted in the identification of a greater number of proteins
than possible from either of the protocols alone.
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number of identified peptides was observed. This would indicate a slightly reduced bias
in the types of proteins identified from the organic digestion. The greater number of
peptide identifications obtained from aqueous compared to organic digestion is attributed
to the non-complete digestion which occurs at 80% ACN, which was observed in the
RPLC-UV and SDS-PAGE experiments. This would affect the total peptide loading onto
the IEC and LC-MS/MS which was not taken into account. This may be overcome by
further enriching the peptide mixture, as through the use of a low molecular weight cutoff
filter to eliminate larger peptide fragments, and undigested (intact) proteins. This would
ensure appropriate loading of low molecular weight peptides (<3 kDa) which are suitable
for LC-MS/MS analysis.

Despite the reduced peptide yield from the organic digest, it is shown in Figure
5.5C that a greater number of unique proteins and peptides can be obtained if the second
LC-MS/MS run involves a combination of the two digestion protocols. In this instance,
an additional 35 unique proteins, and 141 unique peptides, were identified when results
from one run from each of the aqueous and organic digestions is combined, compared to
a replicate analysis of a single digestion protocol. This is attributed to greater differences
in the peptide composition generated between an aqueous and organic digestion.

This was examined by determining the percentage of peptides identified from the
aqueous and organic digestions which contain 0, 1, 2, or 3 missed cleavage sites. These
percentages are given in Table 5.6. The percentage of peptides which contain no missed
cleavage site was found to be greater in the aqueous digestion. The percentages of
peptides identified which did have at least one missed cleavage were found to be greater

from the yeast sample digested in 80% acetonitrile. This supports the observations made
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Table 5.6 Percentage of yeast peptides with missed cleavage sites.

% of identified peptides

# missed cleavage Aqueous Organic
sites (Overnight 37°C) (1 h24°C)
0 69.0 63.2
1 26.9 304
2 3.8 6.0
3 0.3 04
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previously which determined that the digestion efficiency of trypsin in this solvent
composition is lower than in purely aqueous solvent. Although the digestion efficiency is
low, it does provide a greater number of uniquely identified peptides when the results
were pooled with that from an aqueous digestion than just from replicate injections of the

sample samples.

5.4 Conclusions

Presented in this work is an investigation into the underlying cause of enhanced
sequence coverage following bottom-up LC-MS/MS analysis for tryptic digestion of
protein in the presence of 80% acetonitrile. While improved coverage was confirmed
with a set of protein standards, a BAEE assay to determine tryptic activity at various
temperatures, pH, and organic composition showed that enzymatic activity was hampered
in high concentrations of organic solvent. Further investigation of BSA digestion
products showed consistently incomplete digestion products, including peptides which
contained missed cleavage sites and residual undigested protein. However, these peptides
with missed cleavage sites permit an opportunity to detect a greater portion of the
standard proteins when analyzed by mass spectrometry, thus leading to increased
sequence coverage. The application of this to a complex yeast proteome showed that a
combination of aqueous and organic solvent digestion techniques followed by two-
dimensional liquid chromatography coupled to bottom-up MS/MS analysis improved the
overall number of unique peptides identified. It is noted, however, that although
digestions in high concentrations of an organic solvent does lead to higher sequence

coverage due to peptides with missed cleavages, a portion of protein in the sample likely
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remains undigested and results in reduced sample loading for further downstream
analysis. However, this may be avoided if the workflow takes this into consideration and

a greater volume of the digested mixture is loaded for LC-MS/MS analysis to counteract

this issue.
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Chapter 6

Conclusions

6.1 Thesis Summary

This thesis describes work towards the development of a high-throughput
proteomics workflow for early stage protein biomarker discovery. In Chapter 1, the goals
and difficulties of current MS-based proteomics analysis workflows wre discussed. It
presented and highlighted the disadvantages inherent to two common proteomics analysis
workflows: comprehensive bottom-up peptide analysis, such as through multidimensional
protein identification technology (MudPIT) approach, and two-dimensional gel
electrophoresis (2D-PAGE) approach. The essential disadvantage of MudPIT style
workflows are that comprehensive analysis generates considerable amounts of data, but
potentially misses the components which are of actual of interest. While prefractionation
can improve this, it comes at the expense of lower throughput. In contrast, the 2D-PAGE
approach, while possibly quicker in the sense that the proteins of interest are targeted
from differential staining, does not take advantage of the sensitivity of MS-based
detection. The need for high-throughput analysis which combines the best features of
these workflows is required. The development of this workflow includes the need to
evaluate and develop new effective techniques to comprise the proteomics toolbox.

In chapter 2, the evaluation of ion exchange chromatography (IEC) was
conducted as a comprehensive proteome prefractionation tool prior to bottom-up peptide
identification. It was found that IEC has inherent bias towards components of the sample

which make it unsuited for proteome prefractionation, illustrating that “more” separation
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is not necessarily “better” separation. Additionally, it was demonstrated that
prefractionation of samples containing high concentrations of contaminating protein
greatly improves MS-based peptide identification. Also, it was shown that the choice of
separation method can have a detrimental impact upon the composition of your sample,
as illustrated by the loss of high mass proteins through porous reversed chromatography.
As a general conclusion, all separation platforms used in a comprehensive proteomics
analysis workflow should be critically evaluated in terms of separation and protein
recovery. The use of well characterized protein standards, as opposed to unknown protein
mixtures, permits this critically important evaluation.

Chapter 3 presented the development of an 8-column multiplexed reversed phase
liquid chromatography (RPLC) separation system which can couple to matrix-assisted
laser desorption/ionization (MALDI) mass spectrometry through a high-volume well
plate adaptor. This multiplexed RPLC system, through the use of restriction capillaries,
displayed excellent equality in flow rates between all columns of the system, as well as
minimal cross-loading onto the remaining columns during sample loading. The MALDI
well plate adaptor, constructed of Teflon and sealed with a layer of polydimethylsiloxane
(PDMS), allowed the collection of up to 100 pL. onto a MALDI target with no observed
leaking between wells and the retention of 75% of signal intensity compared to direct
deposition. This system greatly improves the throughput of separations compared to
conventional serial separation of fractions generated from a first dimension of
fractionation. The platform also permits automated LC-MALDI, by greatly reducing the
number of manual steps involved, highlighting MALDI MS as a viable alternative to LC-

ESI-MS.
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Employing the multiplex LC-MALDI system developed in chapter 3, chapter 4
presented an application of MALDI MS on the vVMALDI LTQ as a high-throughput
analysis strategy for fast quantitative proteome profiling. Although it was shown that
MALDI MS/MS analysis using this instrument could generate comparable, or perhaps
even greater, amounts of peptide identifications compared to an ESI MS/MS approach,
the time required to achieve these results was simply too great to be part of a high-
throughput analysis strategy. Instead, MALDI MS was used as a profiling tool alone.
Following differential isotopic labeling of yeast and the addition of protein standards as
test “biomarkers”, this strategy was able to identify low amounts of candidate peptides,
displaying differential levels of expression, amongst a complex background of
undifferentiated peptides. A two-dimensional liquid chromatographic separation
approach, takes advantage of the multiplexed LC-MALDI system to further improve the
throughput of the workflow. This approach couples the advantages of liquid phase
separations and MS sensitivity, while retaining the core principle of targeted analysis
through differential mapping, inherent to 2D-PAGE. It is expected, with further
development, that this system will become a valuable addition to the proteomics toolbox
for preliminary discovery of candidate protein biomarkers.

Finally, in chapter 5, the investigation of the effects which high concentrations of
acetonitrile (ACN) have upon the proteolytic activity of trypsin was explored. The use of
organic solvents to enhance MS-based protein sequence coverage is well known.
However, explanations for why these solvent systems enhance protein sequence coverage
following MS analysis were conflicting, given that a standard trypsin activity assays and

qualitative examination of the peptide products from a BSA digest under these conditions
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showed that the digestion quality was very poor. A quantitative examination using
differential isotopic labeling revealed that the presence of a high concentration of ACN
caused the formation of a greater number of peptides with missed cleavage sites. These
larger peptide fragments produced under these conditions often contained unique amino
acid sequences which were not detected from digests conducted in lower concentrations
of ACN. This knowledge leads to the development of a new approach to sample
preparation prior to bottom-up MS analysis. The strategy takes advantage of the greater
differences in sample composition following digestion in aqueous and 80% ACN which
was showed to improve the total number of peptide and protein identifications from a

complex yeast sample.

6.2 Future Work

The main purpose of this thesis was to develop a high-throughput proteomics
profiling workflow for the early stage discovery of potential protein biomarkers. While
the application of real samples using this system was beyond the scope of this thesis,
future work using this system may provide accurate and timely results on the proteomics
state of various samples. Not only can this system be used for the direct comparison of
proteomes under various disease states, its use for the time-resolved analysis of
proteomes in a time dimension is also possible. In this thesis, the manual analysis of data
collected from the LC-MALDI MS platform was carried out, with full knowledge of the
peptides which were of interest. In contrast, the analysis of real samples will require the
development of computer software to identify potential peaks of interest following data

collection. Work in this area is currently underway.
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In terms of applications of this system, a potential collaboration with research in
biology has presented interest in the analysis of brine shrimp development and
reproduction based on a time-resolved analysis. Due to the large number of samples and
time points that would be required for analysis, this high-throughput system is ideal for
discovering the most important protein features. Also, due to its high-throughput, the
analysis of the change in a proteome make up over time could also be matched to DNA
transcription information.

While the work presented here focused on a peptide level separation scheme,
ultimately the use of protein prefractionation techniques will be incorporated into the
system. The multiplexed LC system is ideal for increasing the throughput of separation
following an initial stage of protein prefractionation or, alternatively, as a high-
throughput peptide cleanup system. As IEC was shown to be an inadequate tool for
comprehensive proteome prefractionation, other tools developed in this lab, such as a fast
and easy to use solution isoelectric focusing (SIEF) device, as well as a gel-based
molecular weight separation device which allows for collection of samples in solution
named GELFrEE (gel eluted liquid fractionation entrapment electrophoresis), will be
incorporated into the high-throughput analysis system. The combination of sIEF with
GELFrEE is a solution phase equivalent to 2D-PAGE. The use of this strategy prior to
the multiplexed LC-MALDI MS analysis would delegate the RPLC separation to a high-
throughput cleanup method, with optional peptide level separations using reversed phase
during collection onto the MALDI well plate. However, this strategy would require the
development of a protein level isotopic labeling method. A strategy for this has recently

been developed in this lab, and could be applied to further the work presented in this
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thesis.

Additional work for improving this system will lay with sample preparation. The
dynamic range in concentration of the proteome makes the analysis of low abundant
proteins of interest difficult to analyze. Increasing the loading of the sample does little to
help as it also increases the presence of contaminating components. Without knowledge
of what it is which may be of interest, purification and enrichment through affinity
methods are not feasible. Currently, the use of combinatorial affinity columns which bind
all components of a proteome, resulting in the compression of the dynamic range, may be
the best approach to resolving this issue. This would also allow for the refined control
over the amount of sample which is applied to the sample plate for MALDI MS profiling,
as the ratio of sample to matrix has a large effect upon sensitivity. Protein level isotopic
labeling prior to this preparation would also retain the relative quantitation information of

the sample, allowing this high-throughput profiling method to be applied.

6.3 Conclusions

The proteome is very complex, and tools which allow for the comprehensive
analysis of a proteome are still urgently needed. The clinical application of proteomics
has enormous potential, and will be realized as new tools become available to improve
proteome characterization. Presented in this thesis is work towards the development of an
alternative proteomics workflow which focuses on high-throughput protein biomarker
discovery. While work remains to tackle issues of dynamic range and sample preparation
strategies, it is anticipated that, in the near future, the analysis of complete proteomes for

routine biomarker discovery will be possible, facilitate through technologies presented
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here. This will allow for the creation of improved methods for disease diagnosis as well

as personalized treatment plans to improve human health.
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