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ABSTRACT
Mass spectrometry (MS) is the most widely utilized analytical tool for the large-scale
study of an organism’s proteome. This has created lofty expectations for the field of proteomics;
however the study of biological systems continues to be daunting task due to the extreme
complexity and wide dynamic range of protein expression.

Multidimensional separation

techniques have been incorporated into MS-based proteomic workflows to overcome this
challenge.

Unfortunately, improvements in separating power come at the expense of MS

analysis time, thus implementation of highly efficient separation strategies becomes necessary to
achieve high throughput.
In this work, we describe the development of high efficiency reversed-phase liquid
chromatography (LC) separation methods. The use of superficially porous column packing
materials permitted fast LC separations, and optimization of data-dependent acquisition (DDA)
parameters allowed for the collection of high quality MS/MS spectra when experiment time was
reduced. The use of formic acid and ammonium formate (FA/AF) as a mobile phase modifier
was found to be compatible with electrospray ionization, and provided a significant improvement

in peptide separations over formic acid alone.

This combination of high efficiency LC

separations and optimized DDA parameters lead to a significant reduction in experiment time
and substantial increases in proteome coverage.
The efficiency of 1D gel electrophoresis and LC (GeLC) separations were evaluated to
determine how to maximize protein identifications in a fixed instrument time format. This work
demonstrates that the number of gel slices collected in GeLC analysis has very little impact on
protein identifications. The most significant factor is GeLC protein identification efficiency is
the percentage of instrument time dedicated to LC gradient elution conditions.
These newly developed, high efficiency GeLC separation methods were applied to the
proteomic analysis of the canine prostate gland. Canines and humans are the only two large
mammals that spontaneously generate prostate cancer, thereby suggesting a potential predictive
model of the human disease. Our work identified several proteins with association to prostate
cancer development and progression, suggesting the canine could be a relevant predictive model
of androgen-insensitive, highly aggressive human prostate cancer.
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CHAPTER 1
INTRODUCTION
The most widely used analytical tool for the systematic study of a proteome is mass
spectrometry (MS). MS-based proteomics has provided a significant upgrade over methods such
as 2-dimensional (2D) gel electrophoresis for large-scale protein identification, and has created
lofty expectations for biomarker discovery and improved therapeutics for human diseases.1,2
These outcomes are challenging due to the large sample size (tens to hundreds of thousands)
required for the identification and validation of biomarkers and other biologically relevant
proteins.1 To further complicate matters, biological systems are extremely complex and display
a very wide dynamic range of protein expression. Therefore, various separation strategies are
employed to reduce complexity and increase the dynamic range of protein identifications.3,4
Unfortunately, increased separating power comes at the expense of analysis time, thus creating a
need for high efficiency separation strategies. The aim of this work is to improve proteomic
analysis throughput by increasing separation efficiency, and applying these methods to the
proteomic analysis of the canine prostate gland, exploring the potential of the canine as an
animal model of human prostate cancer.
Chapter 3 investigates the implementation of high speed LC separations to increase the
throughput of LC-MS/MS analysis of tryptic digests. Superficially porous particles provide
significant improvements in peptide separations, and unlike sub-2 µm diameter particles, operate
at back pressures compatible with standard capillary high performance liquid chromatography
(HPLC) instruments. At elevated flow rates, a minimal loss in separation efficiency is observed,
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allowing for reduction of MS analysis time.5-8 Initially, a decrease in protein coverage was
observed when implementing these faster LC separations, due to data-dependent acquisition
(DDA) settings that were not properly set to match the narrow peak widths resulting from newly
implemented fast separation techniques. This chapter identifies several problems associated with
developing fast LC-MS/MS methods, and uses a systematic approach to establish DDA settings
to match the narrow chromatographic peak widths. Analysis of an authentic proteomic sample
demonstrates an improvement in protein identifications while reducing experiment time by a
factor of 5 with the application of fast LC separations and optimally adjusted DDA settings.
Chapter 4 examines LC mobile phase modifiers to improve separation efficiency, and
increase peptide identifications during LC-MS/MS analysis. LC mobile phase modifiers are
used to improve peak shape and increase sample load tolerance. Trifluoroacetic acid (TFA)
produces peptide separations that are far superior to other additives, but is not compatible with
electrospray ionization (ESI) due to signal suppression.9-11 Therefore, formic acid is commonly
used in LC-MS analysis. The drawback to formic acid is the substantial chromatographic band
broadening and poor sample load tolerance particularly in the case of basic peptides.12-14 An
alternative mobile phase modifier is the combination of formic acid and ammonium formate
which has been shown to improve peptide separations, but its compatibility with ESI has not
been investigated.15 This chapter compares the separation metrics of mobile phases modified
with formic acid and formic acid/ammonium formate (FA/AF) and explores the utility of FA/AF
for the mass spectrometry analysis of tryptic digests. When incorporated into an LC-MS/MS
workflow, FA/AF provided an improvement in on-line RP-LC separations, leading to a
significant increase in peptide identifications and improved protein sequence coverage.
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Protein identification efficiency is analyzed in Chapter 5, looking at 1D gel
electrophoresis and RP-LC (GeLC) separations. The high degree of complexity displayed by
biological systems presents a challenge for MS based proteomic analysis, leading to the use of
2D separation techniques such as GeLC.16 As separating power in either dimension increases,
the amount of time required for MS analysis also increases. The aim of this work is to evaluate
GeLC separations, particularly to determine how to maximize protein identifications when mass
spectrometer analysis time is kept constant. This work evaluates separations with high numbers
of 1st dimension fractions and fast LC-MS/MS analysis, few 1st dimension fractions and long
LC-MS/MS analysis or with moderate separating power in both dimensions. While gel overlap
is widespread and independent of the number of gel slices collected, we show a correlation of
proteomic identifications and the percentage of total experiment time allocated for LC gradient
elution. Also included in this chapter is a discussion about the measurement of GeLC peak
capacity, and analysis of factors that influence proteomic identifications when instrument time is
fixed.
Lastly, in Chapter 6 these newly developed high-throughput separation strategies are used
for the proteomic analysis of the canine prostate gland. Prostate cancer research is currently
hindered by the lack of a relevant animal model; therefore this work explores the potential of the
canine as a model of the disease.17 Canines and humans are the only two large mammals to
spontaneously generate prostate cancer, thereby suggesting the potential of this animal model. 1821

This study examines the protein expression of several histologically different canine prostates.

Protein expression was significantly different between the healthy and carcinoma tissue.
Numerous proteins were identified that have biological significance to prostate cancer and many
proteins that were differentially expressed play an important role in androgen-insensitive, highly
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metastatic tumor development and progression.

The identification of many suggested

therapeutic targets, current targets of anticancer drugs and potential biomarkers demonstrate the
relevancy of the canine as an animal model of androgen-independent, highly aggressive human
prostate cancer.
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CHAPTER 2
LITERATURE REVIEW
From Genomics to Proteomics
The study of an organism’s genome is essential for understanding its development and
proliferation.22,23 The Human Genome Project (HGP), initially launched in 1990, set out to
identify the genes of the human genome, and generate a highly accurate reference sequence.24,25
The results of this effort produced whole genome sequencing for humans, as well as a variety of
other organisms. With the completion of genomic sequencing, a far more challenging analytical
project was presented. Whereas genome sequencing cannot predict where proteins are localized
within a cell, nor is it capable of identifying relative expression, specific activity, state of
modification, or association with other proteins or biomolecules, the direct study of proteins
becomes necessary to answers complex biological questions.26 First introduced in 1995, the term
“proteome” has been used to describe the protein complement of a genome.27 The process to
identify and characterize all proteins expressed within a cell or tissue became known as
proteomics.28
Proteins are considered to be the most important biomolecule as they are involved in
every biological process.29 The systematic approach to identify all proteins expressed in a
proteome is a far more daunting task than identifying all genes within an organism’s genome.
The genome is much smaller than the proteome, since the same gene can produce multiple
protein products as a result of combinatorial splicing and different post translational
modifications (PTM). In humans, the genome contains 20,000 to 25,000 genes, while the

5

proteome is estimated to contain 500,000 to 10.5 million different protein products.30,31 To
further complicate matters, the proteome of an organism is very dynamic, as protein expression
can change based on the state of the organism and environmental factors.3 Lastly, unlike
genomics, proteomics has no equivalent to polymerase chain reaction (PCR) for amplification.32
Mass Spectrometry
Until recently, the powerful analytical tool used to determine molecular mass, better
known as mass spectrometry (MS), was exclusively used to analyze small, volatile molecules.
MS measures an unknown molecule’s mass-to-charge (m/z) ratio, with the requirement that the
ionized molecule must be in the gas phase.33 Historically, ions were generated via electron
impact ionization (EI) or chemical ionization (CI). Due to excessive fragmentation by both EI
and CI, analysis of peptides and proteins was not possible.34

The development of “soft

ionization” techniques in the late 1980’s, changed this however, allowing large biomolecules to
be analyzed via MS.
Martix-Assisted Laser Desorption Ionization (MALDI)
Matrix-assisted laser desorption ionization (MALDI) is a soft ionization technique
utilizing a UV laser to ionize biomolecules that have been co-crystalized in an organic matrix.35
The matrix has the same absorbance wavelength as the laser, and is usually made of small, acidic
compounds that contain an aromatic ring. The matrix protects the analytes from laser irradiation
by absorbing most of the energy. During the ionization process, laser pulses induce rapid
heating, and a partial charge transfer allows for ionization of the gas phase analyte.36,37 For
biomolecule ionization, MALDI preferentially ionizes basic and aromatic residues, usually
producing singly charged ions.38,39
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Electrospray Ionization (ESI)
Electrospray ionization (ESI) is another soft ionization technique used for the MS
analysis of biomolecules. In this technique, an analyte-containing solvent is passed through a
capillary. A high voltage electric field is applied to the capillary at atmospheric pressure,
producing charged solvent-analyte droplets. These drops then split due to high charge density,
and migrate through a heated capillary. The solvent is then evaporated and a charge transfer
produces an ionized analyte. The gas phase ion then travels to the high vacuum mass analyzer
for detection.40 ESI of peptides commonly produces doubly and triply charged ions.41 This
allows for analysis of large biomolecules at relatively low m/z ratios. In the case of proteins,
several ionizable sites produce a highly charged analyte. ESI preferentially ionizes hydrophobic
peptides, and the production of multiply charged ions allows for fragmentation at lower
collisions energies.42

This technique occurs at atmospheric pressure, allowing for online

coupling of liquid chromatography (LC) and MS.
Mass Analyzers
Mass spectrometers consist of three basic components: ionization source, mass analyzer
and ion detector.33 There are several different types of mass analyzers available, each with its
own advantages and limitations. For protein studies these various types of mass analyzers can
measure the m/z ratio for intact proteins, protein complexes, fragment ions produced by gas
phase activation of protein ions (top-down proteomics), peptides from enzymatic and chemical
digestion (bottom-up proteomics), and fragmented ions produced by gas phase activation of m/z
selected peptide ions (tandem MS or MS/MS).43
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Quadrupole Mass Analyzer
The quadrupole mass analyzer consists of 4 circular rods set parallel to each other. This
analyzer works as a mass filter, selectively isolating ions based on stability of their trajectories in
the oscillating electric field applied to the rods. Each opposing rod is connected together and
fixed direct current (DC) and alternating radio frequency (RF) potentials are applied between
each pair of rods.44 Only ions of a stable trajectory will be detected. The quadrupole mass
analyzer can scan over of a range of m/z ratios by continuously varying the voltage potential, or
can be used to select a specific m/z to detect.45
The most popular instrument utilizing a quadrupole mass analyzer is the triple quadrupole
(QQQ). This instrument consists of 3 separate quadrupoles, with Q1 operating as a mass filter
for selection of a precursor ion, Q2 serves as a collision cell to fragment ions via collision
induced dissociation (CID) and Q3 is a mass filter for fragment ions. This instrument is known
for very high selectivity and sensitivity, but is hindered by low resolution. Although a complete
mass spectrum can be obtained by scanning, this significantly reduces sensitivity.46
Time of Flight (TOF) Mass Analyzer
The time of flight (TOF) mass analyzer measures m/z ratios from the time required for
ions to travel through a high vacuum flight tube. Ions are accelerated through a fixed strength
electric field, travel through a flight tube and are detected. Flight time is proportional to the
square root of the m/z ratio.47 This analyzer does not require scanning, so its advantages include
speed, sensitivity and a wide mass range. The major drawback to TOF analyzers is the low mass
resolution (500 units).48
Modern TOF analyzers have significantly improved resolution with the use of delayed
extraction (DE) and a reflectron. Following ionization, ions with a higher kinetic energy will
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travel faster, so after a short delay an acceleration voltage is applied. This acceleration voltage
helps push lower kinetic energy ions, allowing for ions of different kinetic energies to reach the
detector plate at the same time.49 The use of a reflectron also improves mass resolution. A
reflectron is an electrostatic field which reflects ions, allowing for charged species of different
kinetic energies to reach the detector at the same time. Ions of higher kinetic energy will travel
farther in the electrostatic field, while lower kinetic energy ions will travel a shorter distance
before reaching the detector. With application of these techniques, a resolving power of 10,000
can be achieved.50
TOF analyzers can be stand-alone instruments or can be used in hybrid instruments
including the TOF/TOF and the quadrupole-TOF (qTOF).

The TOF/TOF is a very fast

instrument, capable of very high throughput analysis.51 The qTOF provides high mass accuracy,
but unlike the TOF/TOF, this instrument is not capable of high throughput analysis. In a qTOF,
the quadrupole is an ion guide for TOF analysis and in MS/MS, a second quadrupole provides a
collision cell to produce fragment ions.52 TOF analyzers are the most common analyzer for
MALDI, and can also be used in combination with ESI.53,54
Quadrupole Ion Trap Mass Analyzer
The quadrupole ion trap (IT) is similar to the quadrupole, with the difference being the
presence of ring electrode creating a 3 dimensional trap. The IT focuses ions into a small
volume, where they become resonantly activated with DC and RF voltages. Helium is present in
the trap to reduce the kinetic energy of ions that have been trapped. Scanning the electric field
excites ions causing them to become unstable, thus they are ejected from the trap to the detector.
Ion accumulation allows the IT to have high sensitivity.55,56 The other advantage of the IT is
since ion accumulation, fragmentation and detection occur in the same location, multi-stage
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analysis is possible (MSN). This also allows for rapid shifting between MS and MSN detection.
The IT has limited resolution and a low ion tapping capacity due to space-charge effects.57
The linear ion trap (LTQ) utilizes a 2-dimensional quadrupole field as opposed to the 3dimensional field used by the tradition IT, which has improved resolution and increased trapping
capacity.58-60 This, combined with fast ion accumulation and detection (cycle time), has allowed
for high throughput LC-MSN analysis of complex mixtures. The LTQ can also be combined
with a high resolution mass analyzer (TOF, FT, Orbitrap) for high accuracy precursor scans, and
fast accumulation of MS/MS spectra using the LTQ.
Fourier Transform Ion Cyclotron Resonance (FTICR)
The FTICR analyzer is able to attain very high mass accuracy and resolving power by
combining the use of a high magnetic field and vacuum along with cyclotron response to excite
and detect ions.61,62 The FTICR has a mass accuracy of 1-2 ppm and resolving power in excess
of 105 can be achieved.63,64

The FTICR is combined with an LTQ for MS/MS analysis,

obtaining very high precursor mass accuracy. MS/MS spectra are collected in the LTQ allowing
for fast acquisition. However, the FTICR is still limited by the slow acquisition speed required
to obtain high mass accuracy and is still subjected to dynamic range limitations of IT analyzers.65
Orbitrap
The orbitrap analyzer is also an ion trap, differing in that ions are separated by their
oscillations in an electrostatic field.66,67 Ion packets oscillate around an electrode and produce an
image current, which will be converted using FT into frequency spectra. Frequency spectra can
then be converted to mass spectra. This allows for very high mass accuracy and resolution,
similar to the FTICR, but without the added expense of a superconducting magnet. Similar to
the FT-LTQ, the orbitrap is combined with an LTQ to achieve high mass accuracy precursor ion
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acquisition and fast MS/MS analysis.68,69 The limitation of the orbitrap is slow acquisition speed
required to obtain high mass accuracy, similar to limitations of the FT-LTQ.70
Proteomic Strategies: Top Down vs. Bottom Up
MS analysis of an organism’s proteome presents challenges due to the high degree of
complexity and wide dynamic range displayed by biological systems. The range of protein
expression in humans exceeds 10 orders of magnitude, far exceeding the dynamic range of any
available MS.31,71 These challenges can be addressed with the use of a wide variety of separation
techniques. Separations based on chemical and physical properties of peptides and proteins can
be combined with MS to increase the depth of proteome analysis. These techniques include
fractionation (differential, extraction, centrifugation), chromatographic (reversed-phase, ion
exchange, affinity, gel filtration), electrophoretic (1D and 2D) and MS (gas phase
fractionation).16,72-90 The two analysis strategies employed in MS-based proteomics is the top
down approach which fragments proteins, and the bottom up approach utilizing an enzymatic or
chemical digestion of proteins and peptides are fragmented during analysis.91,92
Top-Down Proteomics
The top-down proteomics approach ionizes intact proteins,

and gas phase

fragmentation/detection provides comprehensive sequence and modification identification.91
This approach is advantageous for obtaining high protein sequence coverage, and is used for
posttranslational modification (PTM) discovery.93 Development of electron transfer dissociation
(ETD) and electron capture dissociation (ECD) have improved analysis, but these techniques
require long ion accumulation, activation and detection times.94-96 Top-down proteomics is
typically limited to analysis of proteins smaller than 50 kDa, and separation of proteins is a
requirement which can be a challenging task.91 High mass accuracy and resolution instruments,
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such as the LTQ-Orbitrap and the FT-LTQ, are necessary to resolve the highly charged ions and
their isotopes.97-100 Another limitation is the protein dissociation mechanism, which is not well
understood; therefore bioinformatic tools are not well developed for top-down analysis.101-105
Due to the low throughput, this technique is not well suited complete proteome analysis.97
Bottom-Up Proteomics
The bottom-up proteomics approach is the most widely used, and is better suited for high
throughput analysis. In this technique, proteins are enzymatically or chemically digested, and
fragmentation of peptides is conducted during MS analysis. Bottom-up proteomics are divided
into two classifications: peptide mass fingerprinting (PMF) and tandem mass spectrometry
(MS/MS).106
PMF consists of 3 steps: protein separation, chemical or enzymatic digestion and
fragmentation of peptides with subsequent detection in the mass spectrometer.

In PMF,

experimental peptide fragment m/z ratios are compared to in-silico produced theoretical peptide
masses via database search algorithms. Statistical analysis is used to evaluate potential peptide
and corresponding protein assignments.107 While this is an effective technique, it requires
extensive separation methods. The most common analysis strategy is 2D gel electrophoresis,
followed by MALDI-TOF analysis of peptide fragments. 2D gels separate proteins in the 1st
dimension based on their isoelectric point (pI) and in the 2nd dimension by size. The limitation
of this separation strategy is proteins that are very large, very small or have an extremely high or
low pI are not well resolved.108

2D gels are also not well suited for membrane protein

separation, and difficulties arise when attempting to analyze low abundance species.45
The second approach, MS/MS, utilizes a chemical or enzymatic digestion, followed by
separation of peptides and MS detection of peptide fragments. During MS detection, precursor
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ions are selected for fragmentation via software algorithms, and fragmented via collision induced
dissociate (CID).

CID is conducted with an inert gas, usually helium or nitrogen, which

produces a, b and c or x, y and z ions. Following CID, if the charge is located on the N-terminal
side, a, b or c ions are produced. If the charge is present on the C-terminal side x, y or z ions are
generated. MS/MS techniques are well suited for high throughput analysis, and are commonly
used to analyze complex mixtures. The drawback to this technique is the very high complexity
of digests. This often requires multiple separation steps to increase the dynamic range of
identifications.

Bottom-up proteomics can be further classified into a gel free (shotgun

proteomics) or a gel electrophoresis approach (GeLC).76,109,110
Gel Free (Shotgun) Proteomics
Shotgun proteomics involves enzymatic or chemical digestion, followed by various
peptide separation strategies before MS analysis.85 Digestion and subsequent separations are
carried out in-solution, making this approach well suited for high throughput.22

Peptide

separations are based on various chemical or physical properties.111 Extensive research on
multidimensional separations was conducted by Giddings et al., with the separating power being
defined as the product of peak capacity produced in each separation dimension. Orthogonal
separation methods are required, that is the separations used must not separation based on the
same physicochemical properties.76,111-113
The most common separation technique employed with ESI is reversed phase LC (RPLC), and this has been combined with 1st dimension chromatographic separations including
strong cation exchange (SCX), anion exchange (AE), size exclusion (SEC) and affinity (AFC).
Separations can be conducted off-line meaning the 1st dimensional separation is not directly
coupled to RPLC-MS or on-line with both dimensions of separation occurring during MS
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analysis. On-line separations permit fast analysis with minimal sample losses. The most wellknown on-line 2D technique, multidimensional protein identification technology (MudPIT)
combines SCX and RP-LC, producing very high peak capacities allowing for an extensive
increase in the dynamic range of identifications.76,109,114,115 MudPIT has been used for a variety
of applications including extensive analysis of an organism’s proteome and subcellular
components, quantification and characterization of protein complexes.116-119
Gel-based Analysis
Gel electrophoresis combined with LC-MS (GeLC) combines an offline protein
separation in an SDS gel followed by in-gel digestion, and the 2nd dimension of separation is
combined on-line with MS for peptide analysis. 1D gels separate based on size, and 2D gels
separate by isoelectric point in the first dimension, and size in the second dimension.120,121
Proteins can be visualized within the gel with the use of dyes such as Coomassie Blue or silver.
Silver staining has significantly better sensitivity than Coomassie, but it not commonly used with
MS due to very low peptide recovery and extensive clean-up process necessary to remove the
stain. GeLC has many advantages, as in-gel digestion removes detergents, buffer salts and other
non-protein containments which are not compatible with ESI. Therefore, this technique is good
for proteins with poor solubility as detergents can be used and removed before MS analysis.110
1D gel electrophoresis can also provide long term storage of proteins, without detrimental
sample degradation.122,123
While the advantages of GeLC are numerous, this technique also suffers a few
drawbacks. Peptide yield is considered to be low, but work by Speicher et al. (2000), and Fang
et al. (2010), reported recovery ranging from ~70% - 85%.124,125

In-gel digestion is time

consuming, and extensive sample handling can introduce varies containments.
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1D gel

electrophoresis also displays poor reproducibility, and gel slices produce a high degree of
overlap, meaning the same protein is identified in multiple fractions.
Reversed-Phase Liquid Chromatography (RP-LC)
RP-LC is the most widely utilized separation technique for ESI-MS.33 In essence, this
technique employs a polar mobile phase and a hydrophobic nonpolar stationary phase to separate
peptides based on hydrophobicity. The more hydrophobic a peptide is, the more it will be
retained.

Silica-bonded phase is the most commonly used stationary phase material, with

octadecyl carbon chain (C18)-bonded silica being the most popular for peptide separations.126
RP separations of peptides employ organic mobile phases, with most proteomic applications
utilizing acetonitrile or methanol. Flow rates can range from microliters (<10 µL/min) down to
the nanoliter range (< 500 nL/min). The use of nanoliter flow rates can increase sensitivity, but
the technique can be difficult due to the very small volumes of solvent flow. These flow rates
can be achieved on nanoflow HPLC instruments or standard capillary HPLC systems, but
considerations of back pressure from column length, particle size and column inner diameter
usually determine which LC systems is used in analysis.126,127
RP separations of peptides at most frequently conducted at low pH, where the basic
peptides lysine, arginine and histidine are protonated. Addition of a low concentration of acid
(mobile phase modifier) provides the low mobile phase pH and aids in peptide solubilization.
Mobile phase modifiers are also added to improve peak shape and increase sample load
tolerance. While trifluoroacetic acid (TFA) is known for providing superior peptide separations,
it is not compatible for ESI-MS due to ion pairing and surface tension effects.9-11,128 Therefore,
acetic acid and formic acid are used for LC-MS analysis, but display poor separation metrics
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such as wide peak widths and poor sample load tolerance, especially true for basic analytes such
as peptides.12,13,15
LC column efficiency is measured by theoretical plates, and is expressed with the height
equivalent to a theoretical plate (HETP) which takes column length into consideration. Although
columns do not actually contain “plates”, the measure of efficiency is marked by either a high
number of theoretical plates per meter (N > 30,000 plates/meter) or small plate heights (H < 5
µm) at the optimal mobile phase velocity.129 The factors that influence column efficiency
include column length, particle size, how well a column is packed, linear velocity, instrument
efficiency (dwell volume) and retention factor. Column efficiency is commonly described using
The Van Deemter equation.130 HETP, also known as H, is expressed as: H = A + B/u + C · u.
The A term, Eddy diffusion, describes the different path lengths at which a mobile phase can
travel through different flow channels within the column. Since the column is packed with
spherical particles, analyte molecules can travel different paths, thus exciting the column at
different times producing band dispersion. This is considered a constant as this does not change
with respect to changes in linear velocity.

The B term, longitudinal diffusion, describes

molecular diffusion analytes experience within the column.

At low flow rates, this has

significant impact on efficiency, but since separations are rarely conducted below the optimal
flow rate, this term is usually negligible. The C term, resistance to mass transfer, has the most
significant impact on efficiency. During the separation process, the chromatographic system is
in dynamic equilibrium. The speed at which an analyte can reach equilibrium between the
mobile and stationary phases has significant impact on column efficiency and plate height.131
Columns displaying large plate heights will display chromatographic band broadening, thus
producing lower efficiency separations.
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The Van Deemter equation is expressed with a Van Deemter plot, measuring column
efficiency at multiple linear velocities. The optimal flow rate is determined when the lowest
plate height is measured. Linear velocities below the optimal flow rate will require long analysis
time and due to contribution from longitudinal diffusion, the separation efficiency will be low.
Most practical applications utilize a flow rate that is two to three times above the optimal flow
rate. This allows for faster analysis with a minimal loss in separation efficiency.129 The size of
the stationary phase particle and quality of column packing will determine how much efficiency
is lost when operating above the optimal flow rate.
Column packing materials can be porous, meaning the analyte can penetrate completely
through the material or superficially porous, composed of a solid core and a porous outer shell.
The diameter of particles can range from 5 µm to 1.7 µm. For porous particles, the size
influences the efficiency of the separation, with smaller particles producing higher efficiency
separations. Sub-2 µm particles produce very high efficiency as the diffusion path length is
shorter when compared to 3 µm diameter particles.6,132,133 While sub-2 particles are known for
their high efficiency, they generate high back pressure requiring ultra-high pressure LC
instruments.134 The attractive alternative is the superficially porous particle which has a solid
core and porous outer layer. This column packing material provides separations equivalent to
sub-2 µm particles, but operates at back pressures allowing for use of standard capillary HPLC
instruments. Superficially porous particles have short diffusion path lengths (~0.5 µm), allowing
for fast mass transfer. The solid core makes the particle diameter 2.7 µm, which produces a back
pressure about half of that produced by sub-2 µm particles.5,8,135
The evaluation of separating power in gradient elution chromatography is common assed
with peak capacity, measuring the number of theoretical chromatographic peaks that can be
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resolved during a given gradient.136 Peak capacity is determined by taking the difference in
retention time from the first and last eluting peptides and dividing by the average peak width. In
proteomic analysis, a correlation between peak capacity and proteomic identifications has been
reported, highlighting the importance of efficient separation strategies.137,138
Peak capacity improvements can be achieved with the use of higher efficiency column
packing materials, mobile phase modifiers, increased gradient length and elevated temperature.
Chapter 3 examines the use of high efficiency 2.7 µm diameter superficially porous particles.
Improvements in peak capacity are demonstrated, and due to the minimal loss in column
efficiency at high flow rates, an improvement in throughput can be achieved with fast LC
separations. ESI-MS compatible mobile phase modifiers are evaluated in Chapter 4, with the
combination of formic acid and ammonium formate improving peak capacity, thus increasing
proteomic identifications. While increasing gradient length will increase peak capacity, this will
also increase MS analysis time. Therefore, Chapter 5 analyzes GeLC separations to determine
how to improve separation efficiency, in turn producing more protein identifications without
decreasing throughput.
Data Searching
Bioinformatics plays an essential role in MS-based proteomic analysis. The three main
bioinformatic processes used in MS proteomic analysis are conversion of instrument data to a
database readable file, database searching and statistical validation.

MS/MS analysis can

produce thousands to hundreds of thousands of fragmentation spectra, which makes manual
interpretation impractical. Therefore, database search programs have been developed to quickly
analyze and assign experimental MS/MS spectra to their corresponding peptides.139-141
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The three most widely used programs, SEQUEST, Mascot and X!Tandem, essentially
perform the same process, comparing experimental MS/MS spectra to in-silico derived
theoretical MS/MS spectra. A score is then assigned to determine how similar the experimental
and theoretical spectra are to each other. In Mascot, this is probability based (Mowse) and
SEQUEST utilizes threshold scoring (Xcorr value).142-144 This is a very effective method for
determining protein identifications for very large-scale proteomic analysis.

However the

drawback to these programs is they cannot identify peptides or proteins that are not included in
the database used to create theoretical spectra. Thus, they cannot identify unknown proteins and
novel modifications.
Identification of novel sequences and unknown modifications can be done with the use of
De novo sequencing. Programs such as PEAKS and DenovoX determine potential peptide
sequences based on m/z differences in fragmentation spectra. The difference in the m/z ratio
between adjacent peaks corresponds to cleavage of a specific amino acid residue.145,146
The third step, validation, is necessary since many MS/MS spectra can be assigned to an
incorrect peptide, thus producing a false positive identification. Different methods have been
applied to filter correct and incorrect peptide identifications based on Xcorr values and Mowse
scores. They include p-value, false positive rate, family wise error rate, false negative rate and
false discovery rate.147 Validation represents a critical to step to minimize reporting of false
positive protein identifications.148-151
Animal Models
MS-based proteomics are commonly applied for the analysis of human disease such as
cancer. Comparative analysis between proteins expressed in healthy and disease state cells or
tissue can provide insight into disease development and progression.
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Research aimed at

expanding the understanding of human diseases, as well as identifying potential diagnostic
markers and therapeutic targets can often times be difficult and time consuming due to regulatory
and ethical issues that arise from studies involving human subjects.152
Animal models have become a useful alternative as neoplasms occurring in animals often
display many similarities with corresponding human cancers.153,154 These models have played a
valuable role in improving our understanding of various neoplasms including breast, bladder,
gastric and pancreatic.155-159 The mouse has traditionally been the most widely used animal
model, but may not be the best candidate as most human tumors arise spontaneously, while in
mice most tumors must be induced.152,160 Canines are becoming a more extensively used model,
as approximately 400 inherited diseases similar to those found in humans are characterized in
dogs.161,162 In addition, the canine model offers many other additional advantages including
genetic diversity and are exposed to similar environments as humans, age five to eight-fold faster
than humans, receive specialized healthcare and spontaneously generate many human diseases;
all which make canines a more relevant animal model of human diseases over mice.152
Canine Prostate Cancer
The only two large mammals in which spontaneous prostate cancer occurrence is
common are humans and canines.19 Canines have previously been reported as an animal model
of prostate cancer, but the relevance to human prostate cancer is still not well defined.18,20 Many
similarities between the two species exist suggesting a potentially useful animal model. The
prostate gland in humans and canines share many anatomical and functional similarities. In both
species, the prostate is an ovoid-shaped retroperitoneal gland that surrounds the neck of the
urinary bladder and proximal urethra, with association to clinical disease appearing to be only in
humans, canines and felines.163 Canines and humans also share similarities associated with
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prostate carcinoma development such as increased incidence with age, experience similar clinical
symptoms, a lack of hormone responsiveness by the cancer cells in advanced stages and both
experience frequent occurrence of osteoblastic bone metastases.163,164 Therefore, Chapter 6 will
examine protein expression of various states of canine prostate to explore the utility of the canine
as an animal model of human prostate cancer.
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CHAPTER 3
OPTIMIZATION OF DATA DEPENDENT ACQUISITION PARAMETERS FOR COUPLING
HIGH SPEED SEPARATIONS WITH LC-MS/MS FOR PROTEIN IDENTIFICATIONS1

_____________________________
1

Johnson D, Boyes B, Fields T, Kopkin R, Orlando R. Optimization of Data-Dependent
Acquisition Parameters for Coupling High-Speed Separations with LC-MS/MS for Protein
Identifications “Data-Dependent Acquisition Optimization”. Journal of Biomolecular
Techniques: JBT. 2013. Reprinted here with permission of publisher.
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Abstract:
Recent

developments

in

chromatography,

such

as

ultrahigh-pressure

liquid

chromatography (uHPLC) and superficially porous particles, offer significantly improved
peptide separation. The narrow peak widths, often only several seconds, can permit a 15 minute
LC run to have a similar peak capacity as a 60 minute run using traditional HPLC approaches.
In theory these larger peak capacities should provide higher protein coverage and/or more
protein identifications when incorporated into a proteomic workflow. We initially observed a
decrease in protein coverage when implementing these faster chromatographic approaches, due
to data-dependent acquisition (DDA) settings that were not properly set to match the narrow
peak widths resulting from newly implemented fast separation techniques. Oversampling of
high intensity peptides lead to low protein sequence coverage, and MS/MS spectra from lower
intensity peptides were of poor quality because automated MS/MS events were occurring late on
chromatographic peaks.

These observations led us to optimize data-dependent acquisition

(DDA) settings to utilize these fast separations. Optimized DDA settings were applied to the
analysis of T. brucei peptides, yielding peptide identifications at a rate almost 5 times faster than
previously used methodologies.

The described approach significantly improves protein

identification workflows that use typical available instrumentation.
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Introduction:
Mass spectrometry is at the center of many proteomic workflows often times used with
online liquid chromatography separation techniques.33,165 An issue with this approach is the
large amount of instrument time required to run traditional liquid chromatography tandem mass
spectrometry (LC-MS/MS) experiments. Recent developments in chromatography, such as sub2 micron particles and superficially porous particles, can offer significantly improved peptide
separation.132,133 High efficiency columns allow increased mobile phase velocities that shorten
experimental analysis time, and can provide narrow peak widths, typically a few seconds or
less.166 Combined, these two factors can, permit a 15 minute LC run to have similar peak
capacity as a 60 minute run using traditional HPLC approaches.135,167,168 A drawback to sub-2
micron particles is the high back pressure created by these particles, which exceeds the pressure
limit of most available standard HPLC instruments.134

Superficially porous particles offer

similar efficiencies in terms of number of theoretical plates and improved plate height, but
operate at about half the back pressures of sub-2 micron particles, which allow for use on a
standard capillary LC system.5,6,8,169 These column packings exhibit rapid solute mass transfer
with minimal loss of chromatographic resolution when operated with high flow rates to reduce
experimental analysis time.170

Based on these characteristics and current instrumentation,

superficially porous columns were integrated into our lab’s proteomic workflow.
Fast separation methodologies were implemented with an expected outcome of increased
peptide identifications in a shorter amount of time. However, we initially observed decreased
protein sequence coverage when implementing these separation methods. Analysis of peak
capacities showed the fast gradient conditions improved separation metrics, such as reduced peak
widths which should improve peptide identifications, as has been previously displayed in other
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proteomic applications.137 Detailed inspection of raw LC-MS data revealed that most MS/MS
spectra were obtained on peptides of high abundance. This lead to the acquisition of few
MS/MS events being performed on peptide ions with low signal intensity, which in turn lead to
poor protein sequence coverage. It became apparent that improved chromatographic separations
would not improve proteome coverage without enhanced MS/MS acquisition strategies.
The selection of peptide ions for MS/MS analysis is controlled by data-dependent
acquisition (DDA) settings, which include repeat count, repeat duration, minimum MS signal
and dynamic exclusion. Previous work has shown that proteome coverage can be increased
when DDA settings are optimized. Andrews, et al. (2011), found that the ionization settings and
the number of MS/MS events per cycle were the most important settings associated with
improving proteome coverage on an LTQ-Orbitrap XL. They also stated that parameters such as
dynamic exclusion and minimum signal counts had minimal influence on proteome coverage. 171
Zang, et al. (2009), stated increased dynamic exclusion can improve proteome coverage,
however this hinders spectral count quantitation.172

While these reports provided good

information for the basis of our experiments, they did not specifically apply to matching DDA
settings with fast separation techniques and materials.
In this current work, we present a process of optimizing DDA settings on an LTQ to
match fast LC separations with improved peak capacities, and demonstrate that this combination
can provide a large number of peptide identifications in significantly less time.
Materials and Methods:
Data was acquired using an Agilent 1100 Capillary LC system (Palo Alto, CA), with online MS detection using a Thermo-Fisher LTQ ion trap (San Jose, CA) fitted with a Michrom
(Michrom Bioresources, Auburn, CA) captive spray interface.
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Gradient delay volume was

reduced by removing the mixing column in the Agilent LC system. These changes allowed for
faster separations and re-equilibration of the chromatograph. Measured gradient delay volume
determined by analytical column bypass was observed to be 56 µL. Analytical columns were
either a 0.2 x 50 mm Halo Peptide ES-C18 capillary column packed with 2.7 µm diameter
superficially porous particles (Advanced Materials Technology, Inc., Wilmington, DE), or a 0.2
x 50 mm Magic C18AQ Column packed with 3 µm diameter porous particles (Michrom
Bioresources, Auburn, CA). Proteomic sample analysis utilized the LTQ divert valve fitted with
either an EXP Stem Trap 2.6 µL cartridge packed with 2.7 µm diameter superficially porous
particles (Optimize Technologies, Oregon City, OR) or with a 0.5 x 2 mm CapTrap packed with
3 µm diameter porous particles (Michrom Bioresources, Auburn, CA). Experiments using trap
columns were matched for stationary phase materials of the analytical and guard columns. Slow
gradient conditions operated at a flow rate of 4 µL/min increasing mobile phase B concentration
from 5% to 50% B over 30 minutes with a total experiment time of 90 minutes. Fast gradient
conditions operated at a flow rate of 9 µL/min increasing mobile phase B concentration from 5%
to 50% B over 12.5 minutes with a total experiment time of 21 minutes. Mobile phases used
formic acid and acetonitrile from Sigma-Aldrich (St. Louis, MO).
Tryptic peptides from bovine serum albumin (Michrom Bioresources, Auburn, CA) were
used to evaluate mass spectrometry and separation metrics during the evaluation and
optimization phase of this work. Peak capacity data was analyzed using Xcalibur software.
Peak widths at 50% height were measured by manual inspection with the use of extracted ion
chromatograms. Calculations were made from duplicate experiments of 1 pmol injections,
measuring both peak widths and retention times. Experiments were conducted without the
collection of MS/MS spectra, in order to obtain more MS1 data points to better define each
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chromatographic peak. Peak capacities were calculated using two methods, differing in the
expression of gradient time (Tg). Equation 1, referred to as actual peak capacity, was calculated
using the retention times of the first and last eluting peptides from Table 1. Equation 2, is
referred to as theoretical peak capacity, using the actual length of gradient generation (Tg), which
is independent of actual peptide retention times. For fast gradient conditions, this Tg value was
750 seconds, while for slow gradient conditions 1800 seconds was used for Tg. Due to the use of
multiple stationary phases and gradients conditions in this analysis, peak capacity and proteomic
experiments were conducted for each type of stationary phase material under both fast and slow
gradient conditions.
Preferred operation conditions were tested for application to proteomic sample analysis
using a whole cell lysate from procyclic form trypanosome brucei. Soluble proteins from T.
brucei underwent electrophoresis through a NuPAGE 12% Bis-Tris Gel (Invitrogen, Carlsbad,
CA). This step was aimed to remove undesirable non-protein containments, with negligible
protein separation, hence the entire lane was treated as a single sample. Each gel lane was cut
into 1 x 1 mm squares for digestion. Water was then added to the gel pieces and discarded to
waste. Gel pieces were then washed with a mixture of 50% acetonitrile and 50% water, with
solution removed as waste after 15 minutes. 100mM ammonium bicarbonate was then added,
and after 15 minutes, an equal volume of acetonitrile was added to make a 1:1 (v/v) solution.
After incubation at room temperature for 15 minutes, the ammonium bicarbonate/acetonitrile
solution was removed to waste. Acetonitrile was again added to the gel slices and incubated at
room temperature for 15 minutes. This solution was then removed as waste. A solution of 10
mM dithiothreitol (DTT) in 100 mM ammonium bicarbonate was then added and incubated in a
70°C water bath for 1 hour.

The reducing solution was then removed and a 55 mM
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iodoacetamide (IDA) in 100 mM ammonium bicarbonate alkylating solution was added.
Samples were incubated at room temperature for 1 hour in the dark. The alkylating solution was
then removed and 100 mM ammonium bicarbonate was added. After 5 minutes an equal volume
of acetonitrile was added to make a 1:1 (v/v) solution. After 15 minutes of incubation, this
solution was removed to waste. A solution of 0.1% sequencing grade trypsin (Promega, San
Luis Obispo, CA) was made in 50 mM ammonium bicarbonate and added to the gel pieces at
1:50 (w/w) enzyme to protein and incubated overnight at 37°C. The following day peptides
were extracted by pooling and saving the solution from gel pieces.

A solution of 50%

acetonitrile and 0.1% formic acid was then added to the gel pieces. After 15 minutes this
solution was extracted, and added to the solution previously pulled from the digested gel slices.
T. brucei sample analysis was conducted using 2 µg injections preformed in duplicate for each of
the 4 gradient/stationary phase conditions.
Raw tandem mass spectra were converted to mzXML files, then into Mascot generic files
(MGF) via the Trans-Proteomic Pipeline (Seattle Proteome Center, Seattle, WA). MGF files
were searched using Mascot (Matrix Scientific, Boston, MA) against separate target and decoy
databases obtained from the National Center for Biotechnology Information (NCBI). The target
database contained all Trypanosome brucei protein sequences and the decoy database contained
the reversed sequences from the target database.

Mascot settings were as follows: tryptic

enzymatic cleavages allowing for up to 2 missed cleavages, peptide tolerance of 1000 parts-permillion, fragment ion tolerance of 0.6 Da, fixed modification due to carboxyamidomethylation of
cysteine (+57 Da), and variable modifications of oxidation of methionine (+16 Da) and
deamidation of asparagine or glutamine (+0.98 Da). Mascot files were loaded into ProteoIQ
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(NuSep, Bogart, GA), where a 5% false discovery rate was applied for confirmation of protein or
peptide identifications.
Results:
Separation Condition Analysis:
The initial experiments were performed to evaluate the impact of fast gradient separations
when applied to LC-MS/MS based proteomic experiments.

Figure 1a shows a base peak

chromatogram for slow gradient conditions along with the timescale of events occurring during
the experiment.

The narrow window of peptide elution displayed under these conditions

highlights a poor efficiency in utilization of instrument time. This inefficiency can in part be
attributed to the fixed LC system dwell volume, which when considered with a low flow rate,
accounts for almost 15 minutes of experiment time. A high efficiency gradient was developed
reducing experiment time from 90 minutes to 21 minutes using a superficially porous particle
stationary phase allowing efficient separations at elevated flow rates.

This reduction in

experiment time was achieved by doubling the flow rate, optimizing gradient conditions, and
employing a highly efficient reverse phase column packed with superficially porous particles.
The increased flow rates affected the time for all aspects of the experiment, in particular this
halved the times required for loading, washing and re-equilibrating of the chromatograph. This
gradient included a 10x column volume high organic mobile phase wash and a 10x column
volume reequilibration of the chromatograph. Figure 1b displays a base peak chromatogram
along with a timescale of experimental events demonstrating the improvements in instrument
time utilization. Although a further reduction in experiment time would be beneficial, the
instrumentally-fixed gradient delay volume cannot be altered.
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The LC resolving power was evaluated by calculating the peak capacity for both gradient
conditions using both stationary phase materials. To conduct this assessment, bovine serum
albumin tryptic digest was employed due to its high availability and relative simplicity,
compared to a proteomic sample.

Measured peak capacity allowed for an evaluation of

separation conditions dependent upon sample retention times, while theoretical peak capacity
allowed for evaluation independent of peptide retention times.

Theoretical peak capacity

calculations demonstrated the maximum peak capacity obtainable for each gradient/column
condition.
Peak capacities showed significant improvement with the use of superficially porous
packing material under both gradient conditions examined. This was achieved by substantial
reduction in peak widths as superficially porous particles produced peaks widths about half that
of porous particles, as shown in Table 2. The use of superficially porous particles operated at
elevated flow rates maintains high peak capacity, as shown by comparison of the results for fast
and slow conditions.

Figure 2 displays an extracted ion chromatogram for peptide

QTALVELLK for all four experimental conditions, showing the reduction in peak width and
improvement in peak shape using the superficially porous particle stationary phase materials
during operation with increased flow rates.
Variation of the chromatographic peak widths were evaluated to assess the reliability of
the separation system, as well as to inform the range of peak widths that should be considered for
MS and MS/MS parameter optimization.

The porous particle column produced standard

deviations in the mean peak width about 5 times greater than the superficially porous particle
packed columns under identical gradient conditions.
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The small variance displayed by the

superficially porous particle column confirms conditions effective for the broad range of tryptic
digest peptides present in a complex proteomic sample.
Mass Spectral Condition Analysis:
The overarching purpose of the present work was to evaluate the fitness of fast gradient
separations for high throughput proteomic analysis. While peak capacity is a useful measure of a
separation, the utility of fast gradient separations was strongly dependent upon appropriate mass
spectrometer settings. To acquire appropriate MS settings, mass spectral data generated from
slow gradient conditions with porous particles was compared to data collected using fast gradient
conditions with superficially porous particles. Mass spectrometer settings were evaluated by
comparing Mascot scores and protein sequence coverage using 1 pmol injections of BSA tryptic
digests. Typical “lab favorite” mass spectrometer instrument settings, utilized with slow gradient
conditions and porous particle columns produced a protein score of 10,109 with 82% sequence
coverage. Application of fast gradient conditions using superficially porous particles combined
with the same mass spectrometer settings produced a protein identification score of 2,664 with
61% sequence coverage. The poor Mascot score and protein sequence coverage from conditions
displaying superior separation metrics demonstrated MS/MS acquisitions events were not
properly matched to the narrow chromatographic peak widths.
The significant difference in Mascot scores and sequence coverage can be attributed to
multiple factors associated with MS/MS acquisition. First, reducing gradient time decreased the
number of MS/MS spectra collected during an experiment. Experimentally measured duty
cycles produced an average cycle time of approximately 1.5 seconds. The duty cycle includes 1
MS1 acquisition of m/z 300 to 2000, with the top 5 most intense precursor ions subjected to
MS/MS analysis. From this data, slow gradient conditions would produce about 6000 MS/MS
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spectra during the 30 minute gradient, while fast gradient conditions would produce
approximately 2500 MS/MS spectra during the 12.5 minute gradient.

Based on these

calculations, the number of MS/MS spectra collected for the fast gradient conditions would be
about 2.5 times lower than obtained with slow gradient conditions, indicating more efficient
MS/MS spectra collection would be necessary to produce similar data.
The significant differences in Mascot scores are also attributed to the high number of
redundant MS/MS spectra collected under slow gradient conditions.

Poor separation

performance conditions resulting in wide peaks and significant peak tailing, which allowed
peptide precursor ions to go on and off dynamic exclusion lists multiple times, provided multiple
opportunities to collect redundant MS/MS spectra.

Slow gradient conditions matched 741

MS/MS spectra to 97 peptides. This produced an average of 7.7 MS/MS spectra per peptide
identification. Fast gradient conditions matched 152 MS/MS spectra to 70 peptides, averaging
2.2 spectra per identification.

Figure 3a shows the chromatographic peak for peptide

LFTFHADICTLPDTEK using slow gradient conditions with an “X” indicating the location
where MS/MS acquisition occurred. The majority of MS/MS spectra for this peptide were
collected on the tail of the peak, as seen in Figure 3b, which displays the occurrence of MS/MS
acquisition and dynamic exclusion on the timescale of this chromatographic peak.

The

collection of 9 MS/MS spectra on the peak tail provided redundant spectra that increased the
protein score. Alternately, fast gradient conditions showed significantly less peak tailing of this
peptide, as shown in Figure 4. The result is fewer MS/MS events performed on this peptide,
leading to reduction in the protein score. The wide chromatographic peaks associated with the
slow gradient conditions lead to the collection of redundant spectra, accounting for more
matching MS/MS spectra and higher protein scores.
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The poor sequence coverage obtained using fast gradient conditions can be attributed to
the reduced experiment time, which decreased the total number of MS/MS events during an LCMS/MS experiment. The reduced experiment time will require more efficient precursor ion
selection for MS/MS acquisition so that low abundance ions are less likely to be missed. For
example, the slow gradient conditions produced an average peak width at half height of 25.4
seconds, during which time 17 duty cycles acquiring 85 MS/MS spectra occurred. Fast gradient
conditions were not afforded the same luxury. In this case, the average peak widths were 5.1
seconds allowing approximately 3 duty cycles to obtain 15 MS/MS spectra. Fast gradient
conditions have smaller windows of opportunity to collect MS/MS spectra on individual peptides
during their chromatographic peak elution, which necessitates collection of MS/MS spectra on a
wider variety of precursor ions. This can be seen in the fast LC-MS/MS run, 152 MS/MS
spectra were matched to 70 peptides, 22 of these peptides were identified with 3 or more spectra.
Spectra matching these 22 peptides accounted for 126 of the 152 (83%) matched MS/MS spectra
demonstrating the oversampling of high abundance peptides, leading to poor sequence coverage.
Peptides identified with the slow gradient conditions, but not identified using the fast
gradient conditions, were examined via extracted ion chromatograms. These missed peptides
typically had the following characteristics: low signal intensity, co-elution with high signal
intensity peptides, and very narrow peak widths. These issues are demonstrated by an extracted
ion chromatogram for peptide NYQEAK, Figure 5a, which elutes in a peak that is 2.7 seconds
wide. For this peptide to be identified, this ion would need to be selected in one of the ~10
MS/MS spectra collected during this time. The MS1 spectrum (Figure 5b) acquired during this
peak, displays an ion at m/z 752.3, which corresponds to the M+H+ of this peptide, and at least
six ions with higher abundance. These other ions would have been subjected to MS/MS analysis
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prior to the ion at m/z 752.3, because of their higher abundance. Furthermore, the repeat count
setting allowed up to 3 MS/MS spectra to be obtained on these higher abundance ions,
consequently the ion at m/z 752.3 was not subjected to MS/MS analysis during the 2 cycles it
eluted from the LC. For other low abundance peptides, the presence of co-eluting peptides
caused the MS/MS event to occur past the apex of the chromatographic peak, as shown in the
extracted ion chromatogram for peptide YICDNQDTISSK and the corresponding MS spectrum
for this peak (Figures 6a&b, respectively). This peptide has a wider chromatographic peak than
the peptide NYQEAK, discussed above, permitting more MS/MS acquisitions, which in turn
allowed the higher abundance peptides to be placed on the dynamic exclusion list. Although this
peptide was subjected to MS/MS analysis, the spectrum was of low quality due to its acquisition
late on the chromatographic peak. Although signal intensity is not directly factored into a
peptide score via database searching, poor signal intensity will produce less distinguishable
fragment ions leading to lower scores and decrease the chance of correct identification.
These issues made it apparent that DDA settings needed to be optimized for the sharper
chromatographic peaks observed using fast gradient conditions. Specifically, minimum MS
signal, repeat count, repeat duration and dynamic exclusion were examined to improve MS/MS
acquisition and quality. Minimum MS signal controls the minimum signal intensity required for
a precursor ion to be selected for MS/MS acquisition. After a mass to charge ratio is subjected to
MS/MS acquisition, repeat count is the number of times that specific mass to charge ratio is
eligible for additional MS/MS acquisition. Repeat duration is the length of time the mass to
charge ratio is eligible for MS/MS acquisition before it is no longer subjected to further
fragmentation spectra. Dynamic exclusion is the amount of time a mass to charge ratio is put on
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an exclusion list preventing it from MS/MS fragmentation to allow other mass to charge ratios to
be subjected to MS/MS fragmentation.
These experiments were performed using a DDA setting to select the “top 5” most
abundant ions for MS/MS analysis. Changes to this setting were not explored in this work.
Increasing this DDA setting would allow for the selection of lower abundance ions, but at the
expense of increased cycle time. The increase in cycle time was not conducive for fast gradient
conditions producing very narrow peak widths. For example, the cycle time increases to over 3
seconds with the selection of the top 9 most abundant ions, which would not allow for multiple
cycles to occur over the average 5 second wide chromatographic peaks obtained using these
conditions. The reduction of this DDA setting was also not explored due to the reduction in the
number of MS/MS spectra that would be collected during each experiment.
Systematic optimization of DDA settings to match peak widths, with decreased numbers
of duty cycles acquired will lead to a desired condition of operation. Table 3 presents the DDA
setting procedure employed for fast gradient separation conditions and the impact this systematic
change had on the number of matched MS/MS spectra, Mascot score and protein sequence
coverage. Reduction of dynamic exclusion time to 10 seconds was selected to match the average
peak width at base, while maintaining the dynamic exclusion time to peak width ratio used with
the slow gradient. This change improved sequence coverage and increased the number of
matched MS/MS spectra, however, this also lead to an increased number of redundant MS/MS
spectra collected. The next variable investigated was the minimum MS signal, which was
decreased from 1500 to 1000. This change further increased the number of matched MS/MS
spectra, peptide identifications and improved sequence coverage. Further reductions in the value
were not considered useful, with the expectation that MS/MS spectra quality would significantly
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suffer. The number of redundant MS/MS spectra was decreased by lowering the repeat count
parameter. A value of 1 for this setting was found to produce similar sequence coverage to slow
gradient conditions, although the collection of redundant spectra was still prevalent. The repeat
duration parameter was also examined, but changes to this value appeared to have insignificant
effect on evaluation metrics.

A value of 10 seconds for repeat duration was selected to

correspond with observed average peak width at base.
The ultimate DDA setting to be optimized was dynamic exclusion. Preferred conditions
for repeat count, repeat duration and minimum MS signal were applied for dynamic exclusion
data collection to determine a best fit for fast gradient conditions. While longer dynamic
exclusion times produced less redundant spectra, fewer peptide identifications were observed,
shown in Table 4. Most tryptic peptides carrying a +2 charge state will have a mass-to-charge
ratio in the range of 400-700. Long dynamic exclusion times, when combined with the limited
resolution of the LTQ mass spectrometer will significantly hamper peptide identifications in a
proteomic application, with many peptides displaying a similar mass to charge for a complex
tryptic digest. The preferred dynamic exclusion time was 30 seconds. This was selected as
approximately 3 times the average peak width at base, thereby providing sufficient time for
exclusion of peaks displaying some degree of tailing, while not being too long and thereby cover
a significant portion of the short gradient. Although additional dynamic exclusion times could
be examined in more detail, the objective was to improve MS/MS spectra collection, not to
optimize DDA settings specifically to BSA. This strategy improved MS/MS acquisition for
application to fast gradient conditions, permitting reduction of experiment time. Based on
preferred MS parameter settings, fast gradient conditions produced similar peptide identifications
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and protein sequence coverage as did the previous “typical” conditions, when employed for
standard tryptic digest peptides.
Proteomic Sample Analysis:
The preferred DDA settings and separation conditions were evaluated with an authentic
proteomic sample mixture, using peptides from a tryptic digest of a whole cell lysate of procyclic
T. brucei applying all four experimental conditions described above. The superficially porous
particles displayed increased peptide and protein identifications, as shown in Table 5. Using
experimentally optimized DDA settings, fast gradient conditions with superficially porous
particles produced the highest number of peptide and protein identifications. This condition also
produced the fewest number of redundant spectra, as shown by the lowest spectra per peptide
identification average. An analysis of peptide identifications per minute also confirmed the most
efficient use of instrument time was with the use of fast gradient conditions with superficially
porous particles, with an improvement of nearly 6 fold relative to previously used separation
conditions and instrument settings.
Discussion:
The increase in instrument utilization efficiency using fast separation conditions required
optimization of MS instrument DDA settings to acquire good quality MS/MS spectra. Relevant
DDA settings included minimum MS signal counts, dynamic exclusion, repeat count and repeat
duration.

An appropriate scheme to optimize DDA parameters to match the narrow

chromatographic peaks resulting from fast separation conditions was uncovered. The change
from columns packed with porous particles to columns of superficially porous particles allowed
for operation at elevated flow rates while doubling the peak capacity. Analysis of T. brucei
tryptic digests demonstrated the utility of optimized DDA settings and fast separation techniques.
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In the evaluation of optimized conditions, the number of protein identifications doubled, the
number of peptide identifications increased by over 50%, and the experiment time was reduced
by a factor of 5.
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Table 3.1
BSA Tryptic Peptides Used for Chromatographic Analysis and Peak Capacity Calculations

a

Sequence

Peptide
Mass (Da)

Retention Time:
Fast Gradient

Retention Time:
Slow Gradient

CASIQK

705.8237

6.62

22.37

LVTDLTK

788.9290

7.80

25.87

QTALVELLK

1014.2164

8.92

27.29

EACFAVEGPK

1107.2371

6.59

21.58

CCTESLVNR

1139.2607

8.16

25.45

SLHTLFGDELCK

1419.6016

8.77

27.12

LGEYGFQNALIVR

1479.6783

9.39

28.70

MPCTEDYLSLILNR

1724.9953

11.12

33.25

LFTFHADICTLPDTEK

1908.1352

9.52

29.10

DAIPENLPPLTADFAEDKDVCK

2459.6801

9.63

29.75

EYEATLEECCAKDDPHACYSTVFDK

3039.2431

8.60

27.47

TVMENFVAFVDKCCAADDKEACFAVEGPK

3310.7085

11.20

32.95

Fast Gradient Retention Time provides the average retention time under the fast gradient conditions with the use of the superficially porous particle column.
Slow Gradient Retention Time displays the average retention time from slow gradient conditions using the porous particle column.

b
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Table 3.2
Peak Widths and Peak Capacities Obtained from LC-MS Analysis of Tryptic BSA Peptides Using Each Chromatographic
Condition
Phase/

a

Theoretical

Particle Size

Flow Rate
(µL/min)

Gradient
Length (min)

Average Peak
Width: FWHM (s)

Peak
Width σ

Measured
Peak
Capacity

Peak Capacity

Porous 3 µm

4

30

25.35

22.28

16.40

41.77

Porous 3 µm

9

12.5

8.68

4.12

18.71

50.85

S.P.P 2.7 µm

4

30

11.35

5.89

32.62

93.29

S.P.P 2.7 µm

9

12.5

5.08

0.84

32.16

86.93

S.P.P.: superficially porous particles
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Table 3.3
Mascot Search Results from LC-MS/MS Analysis of Tryptic Digested BSA Using Different
Data-Dependent Acquisition (DDA) Parameters
Column/
Gradient
Length
Porous
50mm/90 min

Condition Change

Mascot
Score

Sequence
Coverage

Matched
Spectra

Peptides
Identified

Spectra/
Peptide ID

RC = 3
10109
82%
741
97
7.7
RD = 10 s
DX = 60 s
Min MS = 1500
S.P.P.
RC = 3
2664
61%
152
60
2.5
50mm/20 min
RD = 10 s
DX = 60 s
Min MS = 1500
S.P.P.
RC = 3
7322
72%
406
68
6.0
50mm/20 min
RD = 10 s
*DX = 10 s
Min MS = 1500
S.P.P.
RC = 3
7372
78%
469
75
6.3
50mm/20 min
RD = 10 s
DX = 60 s
*Min MS = 1000
S.P.P.
6083
70%
381
72
5.3
*RC = 2
50mm/20 min
RD = 10 s
DX = 60 s
Min MS = 1500
S.P.P.
4651
82%
365
85
4.3
*RC = 1
50mm/20 min
RD = 10 s
DX = 60 s
Min MS = 1500
S.P.P.
RC = 3
7065
71%
325
63
5.2
50mm/20 min
*RD = 5 s
DX = 60 s
Min MS = 1500
S.P.P.
RC = 3
6657
73%
347
67
5.2
50mm/20 min
*RD = 15 s
DX = 60 s
Min MS = 1500
a
Experimental conditions used for analysis and metrics from Mascot database searching to assess the impact of each
setting. (* indicates conditional change)
b
RC = repeat count, RD = repeat duration, DX = dynamic exclusion, Min MS = minimum MS signal
c
All experiments included: Microscans = 1, Max inject time = 50 ms
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Table 3.4
Mascot Search Results from LC-MS/MS Analysis of Tryptic Digested BSA Using Different Dynamic Exclusion Times
Application of
Preferred Settings

Condition
Change

Mascot
Score

Sequence
Coverage

Matched
Spectra

Peptides
Identified

Spectra/Peptide
Identification

S.P.P. 50mm/20 min

DX = 15 s

2749

83%

248

83

3.0

S.P.P. 50mm/20 min

DX = 30 s

2845

83%

221

89

2.5

S.P.P. 50mm/20 min

DX = 60 s

1699

82%

152

74

2.1

S.P.P. 50mm/20 min

DX = 120 s

1385

72%

114

64

1.8

a

Data was obtained using the optimum DDA settings determined in Table 3. Specifically, minimum MS signal 1000, repeat count 1 and repeat duration 10
seconds were applied.
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Table 3.5
Proteomic Results from T. brucei Analysis under Various Chromatographic Conditions with the Application of Optimized
DDA Settings
Column

Flow Rate

Exp. Time

Protein
Identifications

Matched
Spectra

Peptide
Identifications

Spectra/Peptide

Peptide/min

Porous 50mm

4 uL/min

90 min

22

370

121

3.1

2.1

Porous 50mm

9 uL/min

21 min

15

376

86

4.4

9.4

S.P.P. 50mm

4 uL/min

90 min

43

439

139

3.2

2.4

S.P.P. 50mm

9 uL/min

21 min

45

477

185

2.6

11.9

a

Results from the analysis of soluble proteins from T. brucei using all 4 experimental conditions examined. Each condition displays data from duplicate analysis
with protein and peptide identifications validated using a 5% false discovery rate.
b
Peptide/minute reflects the total number of peptides identified for each condition divided by total experiment time for duplicate sample analysis.
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Equation 1
Measured Peak Capacity
npc = (tf – ti)/W4[σ]

Equation 2
Theoretical Peak Capacity
npc = Tg/W4[σ]
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Figure 3.1 Base Peak Chromatograms of BSA Tryptic Peptides. Base peak chromatograms
with a superimposed timescale of experimental events from the LC-MS analysis of tryptic
digested BSA. (A) Chromatogram obtained using the 90 minute experimental protocol, which
included a 0.2 x 50 mm porous particle column operated at 4 µL/min. (B) Chromatogram
obtained using the 21 minute experimental protocol, which included a 0.2 x 50 mm superficially
porous particle operated at 9 µL/min.
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Figure 3.2 Extracted Ion Chromatograms of BSA Tryptic Peptide QTALVELLK.
Extracted ion chromatograms for LC-MS analysis of BSA tryptic peptide QTALVELLK using
each of the four chromatographic conditions analyzed. (A) Slow gradient conditions using a 0.2
x 50 mm porous particle column operated at 4 µL/min. (B) Fast gradient conditions using a 0.2
x 50 mm porous particle column operated at 9 µL/min. (C) Slow gradient conditions using a 0.2
x 50 mm superficially porous particle column operated at 4 µL/min. Fast gradient conditions
using a 0.2 x 50 mm superficially porous column operated at 9 µL/min.
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Figure 3.3 Magnified

Extracted

Ion

Chromatogram of

BSA Tryptic Peptide

LFTFHADICTLPDTEK. (A) An extracted ion chromatogram and (B) a magnification of this
chromatogram obtained from the LC-MS/MS analysis of the BSA tryptic peptide
LFTFHADICTLPDTEK. Data was collected using slow gradient conditions, which included a
0.2 x 50 mm porous particle column operated at 4 µL/min. An “X” on the chromatogram
indicates each location an MS/MS spectrum was collected for this peptide. A superimposed
timescale for the application of dynamic exclusion is also shown.
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Figure 3.4 Extracted Ion Chromatogram of BSA Tryptic Peptide LFTFHADICTLPDTEK.
An extracted ion chromatogram for the BSA peptide LFTFHADICTLPDTEK using the fast
gradient conditions, which included a 0.2 x 50 mm superficially porous particle column operated
at 9 µL/min. An “X” on the chromatogram indicates each location an MS/MS spectrum was
collected for this peptide. A superimposed timescale for the application of dynamic exclusion is
also shown.
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Figure 3.5 Extracted Ion Chromatogram of BSA Tryptic Peptide NYQEAK.

(A) The

extracted ion chromatogram for m/z 752.30, which corresponds to the BSA peptide NYQEAK,
obtained with the fast gradient conditions. The extracted ion chromatogram contains a narrow
chromatographic peak for this peptide. This data also shows that no MS/MS spectra were
collected on this peptide while it was eluting. (B) A mass spectrum collected during the elution
of peptide NYQEAK, showing that other ions, several of which had higher abundance, were
present along with the ion of interest at m/z 752.30.
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Figure 3.6 Extracted Ion Chromatogram of BSA Tryptic Peptide YICDNQDTISSK. (A)
The extracted ion chromatogram for BSA peptide YICDNQDTISSK, obtained with the fast
gradient conditions. An “X” on the chromatogram indicates each location an MS/MS spectrum
was collected for this peptide. (B) A mass spectrum collected during the elution of peptide
YICDNQDTISSK, showing that other ions, several of which had higher abundance, were present
along with the ion of interest at m/z 1444.65.
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CHAPTER 4
THE USE OF AMMONIUM FORMATE AS A MOBILE PHASE MODIFIER FOR LCMS/MS ANALYSIS OF TRYPTIC DIGESTS2

_____________________________
2
Johnson, D., Boyes, B., Orlando, R. Submitted to Journal of Biomolecular Techniques: JBT,
May 30, 2013.
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Abstract:
A major challenge facing current mass spectrometry based proteomics research is the
large concentration range displayed in biological systems, which far exceeds the dynamic range
of commonly available mass spectrometers. One approach to overcome this limitation is to
improve online reversed-phase liquid chromatography (RP-LC) separation methodologies. LC
mobile phase modifiers are used to improve peak shape and increase sample load tolerance.
Trifluoroacetic acid (TFA) is a commonly used mobile phase modifier because it produces
peptide separations that are far superior to other additives. However TFA leads to signal
suppression when incorporated with electrospray ionization (ESI), and thus other modifiers, such
as formic acid, are used for liquid chromatography mass spectrometry (LC-MS) applications.
Formic acid exhibits significantly less signal suppression, however is not as effective a modifier
as TFA. An alternative mobile phase modifier is the combination of formic acid and ammonium
formate, which has been shown to improve peptide separations. The ESI-MS compatibility of
this modifier has not been investigated, particularly for proteomic applications. This work
compares the separation metrics of mobile phases modified with formic acid and formic
acid/ammonium formate (FA/AF) and explores the utility of FA/AF for the LC-MS analysis of
tryptic digests. Standard tryptic digest peptides were used for comparative analysis of peak
capacity and sample load tolerance. The compatibility of FA/AF in proteomic applications was
examined with the analysis of soluble proteins from canine prostate carcinoma tissue. Overall,
the use of FA/AF improved on-line RP-LC separations, and led to significant increases in
peptide identifications with improved protein sequence coverage.
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Introduction:
A major challenge facing mass spectrometry based proteomics is the large concentration
range of proteins expressed by biological systems, which far exceeds the dynamic range of any
available mass spectrometer.173 For example, the concentration range of human serum proteins
exceeds 10 orders of magnitude.174 While there are many techniques available to help improve
upon this limitation, there is currently no definitive solution to resolve this challenge.165,175,176
One way to address the dynamic range limitation is to improve separation methodologies. The
most common measure of separation capability in gradient elution chromatography is peak
capacity, a metric that has shown correlation to peptide identifications in proteomic applications.
It has been demonstrated that improvements in peak capacity lead to increased peptide
identifications and enhanced protein sequence coverage.137,138

The increase in peptide

identifications is due to the reduction of co-eluting components, which decreases the number of
peptides that compete for ionization. Improved peak capacity can be achieved with several
different approaches.
One manner to improve peak capacity involves the use of high efficiency reversed-phase
column packing materials. Recent developments in HPLC instrumentation and column packing
materials are permitting highly efficient separations with sub-2 μm diameter particles.6,132,133
These sub-2 μm particles provide high peak capacities, but generate back pressures requiring
ultra-high pressure LC instruments.134 An attractive alternative is superficially porous particles,
which show similar separation characteristics as sub-2 μm particles, including small theoretical
plate heights and high peak capacities, but operate at back pressures (<350 Bar) compatible for
standard capillary LC instruments.5,8,135
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Another available technique to improve peak capacity is with mobile phase modifiers.
Peptide separations using trifluoroacetic acid (TFA) as a modifier are far superior to those
obtained when formic acid is used as a modifier.

However, TFA is not compatible with

electrospray ionization (ESI) mass spectrometry due to signal suppression from ion pairing and
spray instability from surface tensions effects.9-11,128 For this reason, formic acid is probably the
most common mobile phase modifier used with liquid chromatography mass spectrometry (LCMS) based proteomics. Unfortunately, this is a compromise since TFA is the superior modifier,
and chromatograms obtained with formic acid exhibit significant band broadening and peak
tailing.6 An explanation of this poor performance is the very low ionic strength exhibited by
formic acid solutions (0.2 M formic acid, ionic strength = 1.9 mM) compared to solutions of
TFA (0.0079 M TFA, ionic strength = 7.8 mM).177 Consequently a strategy to improve peptide
separations would be the use of a mobile phase modifier with a higher ionic strength. McCalley
(2004), reported the addition of 7 mM ammonium formate to formic acid mobile phases nearly
quadruples (7.4 mM) ionic strength, while only slightly increasing the pH (Formic acid = 2.7;
Formic Acid with ammonium formate = 3.3).177 Other investigators have shown that mobile
phases modified with formic acid and ammonium formate (FA/AF) provide similar separation
characteristics to those obtained using mobile phases modified with TFA.6,178,179
The addition of ammonium formate to formic acid mobile phases can also improve
sample load tolerance.

Formic acid has consistently shown high sensitivity to column

overloading, especially true for basic analytes.12,13 Basic analytes, including peptides, exhibit
poor peak shape and significant peak tailing due to repulsion effects between ions of the same
charge.177,180,181 Under reversed-phase conditions including low pH, it has been shown that
overloading of basic peptides occurs at significantly lower sample loads when compared to

55

neutral molecules.182-184 FA/AF has been shown to provide much higher sample load tolerance,
similar to TFA, even for basic peptides.6
FA/AF’s resemblance to TFA in terms of separation characteristics makes it a potential
candidate for use as a mobile phase modifier in LC-MS, however no systematic investigation has
been conducted evaluating FA/AF’s ability to permit the efficient ionization of peptide analytes.
Therefore, this work aims to explore the LC-MS/MS compatibility of FA/AF as a mobile phase
modifier and assess its impact on chromatographic metrics, sample load tolerance, protein
identification and protein sequence coverage.
Materials and Methods:
Data was acquired using an Agilent 1100 Capillary LC system (Palo Alto, CA), with a
0.2 x 50 mm or a 0.2 x 150 mm Halo Peptide ES-C18 capillary column packed with 2.7 µm
diameter superficially porous particles (Advanced Materials Technology, Inc., Wilmington, DE).
On-line MS detection used a Thermo-Fisher LTQ ion trap (San Jose, CA) with a Michrom
(Michrom Bioresources, Auburn, CA) captive spray interface.

Proteomic sample analysis

utilized the LTQ divert valve fitted with an EXP Stem Trap 2.6 µL cartridge packed with Halo
Peptide ES-C18 2.7 µm diameter superficially porous particles (Optimize Technologies, Oregon
City, OR). Mobile phases used formic acid, ammonium formate and acetonitrile from SigmaAldrich (St. Louis, MO).
Mobile phase modifiers were evaluated using two sets of gradient and column conditions.
The short column/fast gradient conditions were conducted using a 0.2 x 50 mm Halo Peptide ESC18 column operated at a flow rate of 9 µL/min.

Gradient conditions increased the

concentration of mobile phase B from 5% to 60% over 12.5 minutes. Mobile phase modifiers
were also evaluated under long column/slow gradient conditions using a 0.2 x 150 mm Halo
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Peptide ES-C18 column operated at 4 µL/min, increasing mobile phase B concentration from 5%
to 60% over 90 minutes. Formic Acid mobile phase modifiers (FA): Mobile phase A consisted
of 99.9% water and 0.1% formic acid. Mobile phase B contained 99.9% acetonitrile and 0.1%
formic acid. Formic Acid and Ammonium Formate mobile phase modifiers (FA/AF): Mobile
phase A consisted of 99.9% water, 0.1% formic acid, adjusted to 10 mM ammonium formate (by
addition of solid). Mobile phase B consisted of 80% acetonitrile, 0.1% formic acid and 10 mM
ammonium formate. Under FA/AF conditions gradient slope was adjusted to account for the
change in acetonitrile concentration by increasing mobile phase B concentration from 6.25% to
75% B over 12.5 or 90 minutes. Mass spectrometer settings performed MS/MS analysis on the
top 5 most abundant ions for the 21 minute experiment, and top 8 most abundant ions for the 140
min experiment.
Tryptic peptides from bovine serum albumin (Michrom Bioresources, Auburn, CA) were
used to evaluate mass spectrometry and separation metrics. All analysis of separation metrics
with BSA tryptic peptides were conducted from duplicate experiments of 1 pmol or 8 pmol
sample injections. Peak capacity and peak asymmetry measurements were made without the
collection of MS/MS spectra, to increase the number of data points collected across each
chromatographic peak. Calculation of peak capacity was based on the selection of 14 BSA
tryptic peptides listed in Table 1. Theses peptides were selected to provide a wide range of
retention for accurate evaluation of both mobile phase modifiers. Calculations of peak capacities
were conducted using 2 methods, each with a different measurement of time. Equation 1,
measured peak capacity, was calculated using the retention times of the first and last eluting
peptides from Table 1. Equation 2, theoretical peak capacity, used the actual length of the
gradient (Tg) for retention time, independent of actual peptide retention times. The value for Tg
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was either 750 or 5400 seconds. Theoretical peak capacity was calculated to provide a measure
of peak capacity independent of sample retention times to demonstrate the maximum peak
capacity obtainable for each mobile phase/gradient condition.

Peak capacity and peak

asymmetry measurements were made using Xcalibur software. Peak asymmetry was calculated
using peak widths at 10% peak height, and peak capacity calculations were conducted by
measurement of peak widths at 50% peak height via manual inspection with the use of extracted
ion chromatograms. Signal intensity measurements were made via extracted ion chromatograms
through Xcalibur software.
Proteomic analysis was conducted using proteins extracted from canine prostatic
carcinoma tissue.

Soluble proteins from canine prostate tissue underwent electrophoresis

through a NuPAGE 12% Bis-Tris Gel (Invitrogen, Carlsbad, CA), with the entire lane being
removed for composite analysis.

This step was aimed to remove undesirable non-protein

containments, with negligible protein separation, hence the entire lane was treated as a single
sample. Each gel lane was cut into 1 x 1 mm squares for digestion. Water was then added to the
gel pieces and discarded to waste.

Gel pieces were then washed with a mixture of 50%

acetonitrile and 50% water, with solution removed as waste after 15 minutes.

100mM

ammonium bicarbonate was then added, and after 15 minutes, an equal volume of acetonitrile
was added to make a 1:1 (v/v) solution. After incubation at room temperature for 15 minutes,
the ammonium bicarbonate/acetonitrile solution was removed to waste. Acetonitrile was again
added to the gel slices and incubated at room temperature for 15 minutes. This solution was then
removed as waste.

A solution of 10 mM dithiothreitol (DTT) in 100 mM ammonium

bicarbonate was then added and incubated in a 65°C water bath for 1 hour. The reducing
solution was then removed and a 55 mM iodoacetamide (IDA) in 100 mM ammonium
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bicarbonate alkylating solution was added. Samples were incubated at room temperature for 1
hour in the dark. The alkylating solution was then removed and 100 mM ammonium bicarbonate
was added. After 5 minutes an equal volume of acetonitrile was added to make a 1:1 (v/v)
solution. After 15 minutes of incubation, this solution was removed to waste. A solution of
0.1% sequencing grade trypsin (Promega, San Luis Obispo, CA) was made in 100 mM
ammonium bicarbonate and added to the gel pieces at 1:50 (w/w) enzyme to protein; the
resulting mixture was digested overnight at 37°C. The following day peptides were extracted by
collecting the solution from gel pieces, then a solution of 50% acetonitrile and 0.1% formic acid
was then added to the gel pieces. After 15 minutes this solution was extracted, for pooling with
the solution previously pulled from the digested gel slices. Canine proteomic analysis was
conducted using 1 µg of protein with, triplicate analysis for each mobile phase modifier
condition.
Raw tandem mass spectra were converted to mzXML files, then into mascot generic files
(MGF) via the Trans-Proteomic Pipeline (Seattle Proteome Center, Seattle, WA). MGF files
were searched using Mascot (Matrix Scientific Inc, Boston, MA) against target and decoy
National Center for Biotechnology Information (NCBI) databases for canine proteins. Mascot
settings were as follows: tryptic enzymatic cleavages allowing for up to 2 missed cleavages,
peptide tolerance of 1000 parts-per-million, fragment ion tolerance of 0.6 Da, fixed modification
due to carboxyamidomethylation of cysteine (+57 Da), and variable modifications of oxidation
of methionine (+16 Da) and deamidation of asparagine or glutamine (+0.98 Da). To examine
peptide and protein identifications using a 5% false discovery rate, Mascot .dat target and decoy
search files were loaded into ProteoIQ (NuSep, Bogart, GA). Protein identifications were
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confirmed with the application of a 5% protein false discovery rate and inspection of peptide
MS/MS data.
Results:
Standard Tryptic Peptide Analysis
Peak capacity, the most commonly used assessment of separation power in gradient
elution chromatography, was calculated to examine the impact of ammonium formate addition
on separation efficiency.

In all conditions evaluated, ammonium formate improved peak

capacity. For low sample load conditions (1 pmol of BSA), peak widths at half height were
reduced by 15% with ammonium formate, compared to formic acid alone, producing average
peak widths of 3.6 and 14 seconds for 50 mm and 150 mm columns respectively (Table 2).
Ammonium formate also reduced variability of peak widths, evaluated by the improvements in
the standard deviations of the peak widths. The decreased peak widths lead to a 30% increase in
measured peak capacity for both column lengths analyzed. This reduction in peak width also
increased theoretical peak capacity. The 50 mm column obtained a theoretical peak capacity
over 120 during a 12.5 minute gradient, and the 150 mm column produced a theoretical peak
capacity of almost 230 during a 90 minute gradient. A demonstration of the improved peak
shape and reduced peak widths observed with the use of ammonium formate is provided in
Figures 1 and 2. Figure 1 displays chromatographic peaks for an early eluting peptide, CASIQK,
with and without the presence of ammonium formate in the mobile phase, while Figure 2
compares a late eluting peptide, GLVLIAFSQYLQQCPFDEHVK. As shown in both figures,
chromatograms obtained with formic acid and ammonium formate (FA/AF) modified mobile
phases contain narrower, more symmetrical peaks.
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Formic acid is very sensitive to sample overload, particularly for basic analytes, including
peptides.12,13 The addition of ammonium formate has previously been shown to improve sample
load tolerance compared to formic acid alone.6

To examine sample load tolerance with

application to LC-MS, peak capacity experiments were repeated with sample load increased by a
factor of 8. Column overload was expected for both mobile phase conditions at this high sample
mass, but FA/AF mobile phases showed significantly higher tolerance to sample overloading as
displayed by less peak broadening and improved peak capacity compared to the mobile phases
containing only FA, shown in Table 3. In FA mobile phases, the average peak width nearly
doubled with the increased sample load, while peak widths only increased by about 25% with
FA/AF. Figure 3 displays the chromatographic peaks for peptide CASIQK as the amount of
sample is increased, and displays the significant improvements in peak widths and peak shape
observed with the FA/AF mobile phases. FA/AF again displayed superior peak width variance
with standard deviations significantly smaller than those from the FA only condition. The
increased sample load decreased peak capacity for both mobile phase modifiers, but FA/AF
produced significantly higher peak capacities for each column/gradient condition examined. The
high sample mass injections decreased peak capacity by approximately 40% with FA, while
FA/AF conditions only experienced an approximately 16% reduction in peak capacity. Direct
comparison of peak capacities using 8 pmol BSA data showed FA/AF produced a peak capacity
(measured and theoretical) that was nearly double that of FA conditions, regardless of column
length. The importance of this observation is significant to the application of proteomics, as
typical proteomic samples will display a wide concentration range with high abundance peptides
routinely overloading typical analytical columns.
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While peak capacity provides a good assessment of separation power, peak widths are
measured at half height, which does not provide an assessment of peak shape or peak tailing. To
evaluate the impact of ammonium formate on peak shape/tailing, peak asymmetry factors were
calculated.

Improved peak shape will improve the separation by reducing the number of

peptides that co-elute, which in turn will help overcome the dynamic range limitations with mass
spectrometers that employ data dependent acquisition strategies (for example see Johnson et al.,
2013).185 Peak asymmetry factors obtained in the analysis of BSA tryptic peptides are presented
in Table 1, with measurements conducted at 10% peak height. FA/AF produced better peak
shape and decreased peak tailing as seen in Table 4. At a sample load of 1 pmol, FA/AF
produced less peak tailing as demonstrated from peak asymmetry factors being closer to 1 when
compared to FA conditions. Data also showed improvements in peak asymmetry standard
deviation, indicating less variance of peak shape with FA/AF. When high sample mass (8 pmol)
was examined, FA/AF significantly improved peak shape, with 150 mm column data showing
peak asymmetry factors that were almost 3 times smaller than those produced with FA alone.
The impact of ammonium formate on ionization efficiency and evaluation of signal
suppression was also examined during BSA tryptic peptide samples.

Ammonium formate

increases ionic strength of mobile phases, which should increase ion pairing and thus may lead to
ESI signal suppression. Although some degree of signal suppression was expected, decreased
peak widths should increase signal intensity due to increased peptide concentration as a result of
narrower chromatographic peaks. Initially, 20 mM ammonium formate was explored for LC-MS
which showed improved separation metrics, but mass spectral signal intensity was reduced by
approximately one order of magnitude for all examined peptides (data not shown).

A

compromise of 10 mM was chosen, balancing the benefits of improved chromatography without
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significant sacrifice of mass spectral signal. Extracted ion chromatograms were examined to
compare signal intensity between the two mobile phase modifiers, analyzing BSA peptides
identified in Table 1. Minor differences in signal intensities were observed, but these were less
than half an order of magnitude for all peptides examined. For some peptides ammonium
formate increased MS signal intensities, while in others the presence of ammonium reduced MS
signal intensities.

Measured signal intensities of 4 peptides, each containing different

combinations of the basic amino acid residues Lysine, Arginine, and Histidine are presented in
Table 5 (50 mm column) and Table 6 (150 mm column). The potential ion pairing would occur
at these basic amino acid residue sites due to protonation in low mobile phase pH. Since
differences in mass spectra signal intensities seemed to even out between the mobile phase
conditions, it was concluded that signal suppression would not be detrimental to mass
spectrometry analysis.
Proteomic Sample Analysis
The utility of ammonium formate for proteomic analysis was examined using soluble
proteins from canine prostate carcinoma tissue samples. Proteins underwent gel electrophoresis
to remove non-protein containments, but no electrophoretic gel fractionation occurred, which
provided a very complex, with which to compare mobile phase modifiers. The addition of
ammonium formate lead to increased numbers of matched MS/MS spectra and peptide
identifications, which resulted in an increase in protein identifications, as shown in Table 7. An
approximate 35% increase in protein identifications and more than a 50% increase in the number
of matched MS/MS spectra were observed with the 50 mm column using FA/AF mobile phases
when compared to FA data.

The number of peptide identifications also increased by

approximately 30% during triplicate sample analysis. Data collected with a 150 mm column
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displayed similar trends seen with the shorter column. With the longer column, the addition of
ammonium formate increased the number of protein identifications by almost 70%, and the
number of matched MS/MS spectra nearly doubled. The number of peptide identifications also
increased by approximately 50% with FA/AF mobile phases. This analysis demonstrates the
expected correlation between peptide identifications and peak capacity, since improved peak
capacity provided by the use of ammonium formate leads to increased proteomic identifications
for both column lengths analyzed.

The number of matched MS/MS spectra per peptide

identification displayed similar numbers between each mobile phase modifier condition, also
confirming that any signal suppression from ammonium formate use was not detrimental to the
proteomic sample analysis.
An evaluation of proteomic identifications was conducted from 150 mm column data,
specifically comparing identifications and matched MS/MS spectra for the 61 proteins identified
in both mobile phase modifier conditions. Analysis of these common identifications showed
protein sequence coverage improved with FA/AF, as the average number of peptide
identifications per protein increased, as shown in Table 8. The average number of spectral
counts per protein identification also increased using FA/AF. Single spectrum protein
identifications were analyzed to determine if chromatographic improvements enhanced protein
coverage. Data from FA conditions included 3 single spectrum protein identifications, while
with FA/AF conditions these same proteins were identified with either multiple peptides and/or
multiple MS/MS spectra. FA/AF conditions produced no single spectrum identifications when
comparing proteins identified in both mobile phase conditions.

The improvement in

chromatography not only increased proteomic identifications, but also improved these
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identifications as sequence coverage and peptide identifications increased, improving the
confidence of these identifications.
The amino acid composition of identified peptides was examined, specifically focusing
on peptides with multiple basic amino acid residues since formic acid has traditionally been
reported as a poor mobile phase modifier for basic analytes. FA/AF conditions identified
significantly more peptides with multiple basic amino acid sites, indicating the improvements
achieved in the separation of these peptides resulted in increased proteomic identifications. After
application of a 5% peptide false discovery rate, 150 mm column data produced 150 peptides
commonly identified using both mobile phase conditions. Of those common identifications, 48%
contained 2 or more basic amino acid residues. In FA conditions, 209 peptides were uniquely
identified with 49% containing 2 or more basic amino acid residues. FA/AF identified 388
condition unique peptides, with 72% of those containing multiple basic amino acid residues,
shown in Figure 4. While this increase in peptide identifications can be attributed to multiple
factors, it appears the improved sample load tolerance from increased ionic strength with the
ammonium formate allowed for better chromatographic behavior and separation of peptides with
multiple basic amino acid residues.
The increase in ionic strength displayed by FA/AF mobile phases has the potential to
increase ion pairing, which in turn could reduce peptide charge state. To examine this, peptide
charge states were analyzed using the charge state provided from Mascot database
identifications. Figure 5 displays the charge state of all identified peptides, 359 in FA and 538 in
FA/AF. As expected, most peptides were identified in a +2 charge state. Only small differences
were observed, with FA displaying a slightly higher percentage of peptides identified in a +3
charge state than FA/AF. For a direct comparison, the 150 peptides commonly identified in both
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mobile phase conditions were examined, with almost 90% of these peptides identified in the
same charge state, Figure 6. Of the 16 peptides identified in a different charge state between the
two mobile phase modifiers, neither mobile phase condition consistently produced identification
in a higher charge state. Further analysis of these 150 common peptides showed 72 peptides
containing 2 or more basic amino acid residues. Of these 72 peptides, 83% were identified from
the same charge state, as shown in Figure 7. Among the 12 peptides with multiple basic
residues, FA produced a higher charge state in 8 peptides, while FA/AF produced the higher
identified charge state in 4 peptides. Analysis of peptide charge states showed very little
difference between the two mobile phase conditions, indicating ammonium formate did not
significantly reduce the charge state in the peptides identified, nor was this mobile phase
modifier found to be detrimental to proteomic analysis.
Conclusions:
The use of ammonium formate along with formic acid as a mobile phase modifier was
found to be compatible with LC-MS/MS analysis of peptides. Peak widths were reduced by
approximately 15% leading to an increase of approximately 30% in peak capacity when
compared to FA modified mobile phases.

Significant improvements in peak shape were

displayed by FA/AF when peak asymmetry factors were compared. Although some degree of
signal suppression occurs with FA/AF, mass spectral signal intensities were comparable,
demonstrating signal suppression was not detrimental for peptide analysis.
Analysis of soluble proteins from canine prostate tissue displayed significant increases in
peptide identifications and protein sequence coverage with ammonium formate addition. The
increase in peptide identifications can be directly attributed to improvement in separation metrics
displayed with BSA peptide analysis. FA/AF showed better retention and separation of basic
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nature peptides, with improved identifications of peptides composed of multiple basic residues.
Analysis of identified charge state showed no difference between FA/AF and FA modified
mobile phases. An analysis of matched spectra and peptide analysis also confirmed the degree of
signal suppression observed in standard peptide analysis was not detrimental to peptide
identifications. The high number of peptide identifications as well as improve matched spectra
per peptide identification displayed with FA/AF confirmed similar ionization efficiency between
both mobile phase modifiers.
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Table 4.1
BSA Tryptic Peptides Used for Chromatographic Analysis and Peak Capacity Calculations
Sequence

Peptide Mass (Da)

CASIQK

705.8237

LVTDLTK

788.9290

QTALVELLK

1014.2164

EACFAVEGPK

1107.2371

KQTALVELLK

1142.3887

SLHTLFGDELCK

1419.6016

YICDNQDTISSK

1443.5353

LGEYGFQNALIVR

1479.6783

MPCTEDYLSLILNR

1724.9953

LFTFHADICTLPDTEK

1908.1352

DAIPENLPPLTADFAEDKDVCK

2459.6801

GLVLIAFSQYLQQCPFDEHVK

2492.8454

QEPERNECFLSHKDDSPDLPK

2541.7044

TVMENFVAFVDKCCAADDKEACFAVEGPK

3310.7085
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Table 4.2
Peak Widths and Peak Capacities Obtained from LC-MS Analysis of 1 pmol Injections of Tryptic BSA Peptides Using
Various Chromatographic Conditions with Each Mobile Phase Modifier
Column
Length (mm)

Flow Rate
(µL/min)

Gradient
Length (min)

Mobile Phase
Modifier

AVG Peak
Width (s)

Standard
Deviation

Measured Peak
Capacity

Theoretical
Peak Capacity

50

9

12.5

0.1% FA

4.14

0.94

35.21

106.56

50

9

12.5

0.1% FA,
10mM AF

3.56

0.69

46.60

123.93

150

4

90

0.1% FA

16.11

2.98

76.30

197.17

150

4

90

0.1% FA,
10mM AF

13.99

2.35

99.55

227.05

70

Table 4.3
Peak Widths and Peak Capacities Obtained from LC-MS Analysis of 8 pmol Injections of Tryptic BSA Peptides Using
Various Chromatographic Conditions with Each Mobile Phase Modifier
Column
Length
(mm)

Flow Rate
(µL/min)

Gradient
Length
(min)

Mobile
Phase
Modifier

AVG
Peak
Width
(s)

Standard
Deviation

Peak
Width
Changea

Measured
Peak
Capacity:
8pmol

Actual Peak
Capacity
Changeb

Theoretical
Peak
Capacity:
8pmol

Theoretical
Peak
Capacity
Changeb

50

9

12.5

0.1% FA

7.78

4.57

+87.9%

21.19

-39.8%

56.71

-46.8%

50

9

12.5

0.1% FA,
10mM AF

4.43

1.21

+24.4%

38.72

-16.9%

99.59

-19.6%

150

4

90

0.1% FA

29.1

16.11

+80.6%

44.18

-42.1%

109.16

-44.6%

150

4

90

0.1% FA,
10mM AF

16.82

2.64

+20.2%

83.54

-16.0%

188.85

-16.8%

a

Calculated by taking the difference in average peak width from 1 pmol and 8 pmol BSA tryptic peptide injections, and expressing as a percentage of the average
peak width observed using 1 pmol BSA injections.
b Calculated by taking the difference in peak capacity from 1 pmol and 8 pmol BSA tryptic peptide injections, and expressing as a percentage of the peak
capacity measured using 1 pmol BSA injections.
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Table 4.4
Peak Asymmetry Obtained from LC-MS Analysis of 1 and 8 pmol Injections of Tryptic BSA Peptides Using Various
Chromatographic Conditions with Each Mobile Phase Modifier
Column
Length (mm)

Flow Rate
(µL/min)

Gradient
Length (min)

Mobile Phase
Modifier

Peak Asymmetry: 1
pmol BSA

Standard
Deviation

Peak Asymmetry:
8 pmol BSA

Standard
Deviation

50

9

12.5

0.1% FA

1.49

0.88

2.14

1.48

50

9

12.5

0.1% FA, 10mM AF

1.22

0.43

1.63

0.82

150

4

90

0.1% FA

2.24

1.25

6.08

4.48

150

4

90

0.1% FA, 10mM AF

1.18

0.40

2.18

1.67

72

Table 4.5
The Extracted Ion Chromatogram Signal Intensity from LC-MS Analysis of BSA Tryptic Peptides Using a 0.2 x 50mm
Column
Sequence

FA: 1pmol BSA

FA/AF: 1 pmol BSA

FA: 8 pmol BSA

FA/AF: 8 pmol BSA

QTALVELLK

6.03e4

2.67e5

3.61e5

3.09e5

SLHTLFGDELCK

4.78e5

6.70e5

6.94e5

3.26e5

MPCTEDYLSLILNR

9.98e4

3.10e4

6.55e5

1.80e5

DAIPENLPPLTADFAEDKDVCK

5.21e5

2.21e5

2.03e6

9.95e5
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Table 4.6
The Extracted Ion Chromatogram Signal Intensity from LC-MS Analysis of BSA Tryptic Peptides Using a 0.2 x 150mm
Column
Sequence

FA: 1pmol BSA

FA/AF: 1 pmol BSA

FA: 8 pmol BSA

FA/AF: 8 pmol BSA

QTALVELLK

2.64e4

4.20e4

2.71e5

3.68e5

SLHTLFGDELCK

5.54e4

4.52e4

3.29e5

3.47e5

MPCTEDYLSLILNR

5.04e4

1.46e4

5.09e5

5.33e5

DAIPENLPPLTADFAEDKDVCK

1.14e5

9.29e4

9.78e5

7.22e5
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Table 4.7
Proteomic Results from Canine Prostate Carcinoma Analysis Under Various Chromatographic Conditions for Each Mobile
Phase Modifier
Column
Length (mm)

Flow Rate
(µL/min)

Experiment
Time (min)

Mobile Phase Modifier

Protein IDsa

Matched MS/MS
Spectra

Peptide IDsa

Spectra/Peptide
IDb

50

9

21

0.1% FA

44

455

196

2.32

50

9

21

0.1% FA, 10mM AF

60

697

255

2.73

150

4

140

0.1% FA

70

1142

359

3.18

150

4

140

0.1% FA, 10mM AF

118

2028

538

3.77

a

Results for each mobile phase modifier generated from duplicate sample analysis with protein and peptide identifications validated using a 5% false discovery
rate.
b
Reflects the total number of database matched MS/MS spectra divided by the total number of peptide identifications for each condition from duplicate sample
analysis.
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Table 4.8
The Analysis of the 61 Proteins Commonly Identified Using Both Mobile Phase Modifier Conditions from LC-MS/MS
Analysis Canine Prostate Carcinoma using a 0.2 X 150 mm Column
Mobile Phase Modifier

Average Peptide IDs/Proteina

Average Spectral Count/Protein IDb

Single Spectrum Protein IDsc

0.1% FA

6.60

20.71

3

0.1% FA, 10mM AF

9.64

28.56

0

a

The number of peptides identified from the 61 common identification proteins divided by the number of common protein identifications.
The total number of database matched MS/MS spectra from the 61 common identification proteins divided by total of common protein identifications.
c
Protein identifications from only a single MS/MS spectra after application of a 5% false discovery rate.
b
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Equation 1
Measured Peak Capacity
npc = (tf – ti)/W4[σ]

Equation 2
Theoretical Peak Capacity
npc = Tg/W4[σ]
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Figure 4.1 Extracted Ion Chromatograms of BSA Tryptic Peptide CASIQK. The Extracted
Ion Chromatograms of the peptide CASIQK, which eluted early in the 90 minute gradient, from
LC-MS analysis of 1 pmol of tryptic digested BSA. Data was collected using a 0.2 x 150 mm
column. Extracted Ion Chromatogram (A) was obtained using only formic acid as the mobile
phase modifier, while Extracted Ion Chromatogram (B) was obtained using formic acid and 10
mM ammonium formate as the mobile phase modifier.
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Figure

4.2

Extracted

Ion

GLVLIAFSQYLQQCPFDEHVK.

Chromatograms
The

Extracted

of
Ion

BSA

Tryptic

Chromatograms

Peptide
of

peptide

GLVLIAFSQYLQQCPFDEHVK, which eluted late in the 90 minute gradient, from LC-MS
analysis of 1 pmol of tryptic digested BSA. Data was collected using a 0.2 x 150 mm column.
(A) Extracted Ion Chromatogram obtained using only formic acid as the mobile phase modifier.
(B) Extracted Ion Chromatogram obtained using formic acid and 10 mM ammonium formate as
the mobile phase modifier.
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Figure 4.3 Extracted Ion Chromatograms of BSA Tryptic Peptide CASIQK. A comparison
of Extracted Ion Chromatograms of the peptide CASIQK as sample load is increased by a factor
of 8. Data was collected from LC-MS analysis of tryptic digested BSA using a 0.2 x 150 mm
column. (A) Extracted Ion Chromatogram from 1 pmol of BSA with only formic acid as the
mobile phase modifier. (B) Extracted Ion Chromatogram from 8 pmol of BSA with only formic
acid as the mobile phase modifier. (C) Extracted Ion Chromatogram from 1 pmol of BSA with
formic acid and 10 mM ammonium formate as the mobile phase modifier. (D) Extracted Ion
Chromatogram from 8 pmol of BSA with formic acid and 10 mM ammonium formate as the
mobile phase modifier.
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Figure 4.4 Analysis of the Number of Basic Amino Acid Residues. For all peptides not
identified in both mobile phase modifier conditions, the amino acid composition was examined.
Peptide identifications unique to formic acid only mobile phases are displayed on the left, and
peptide identifications unique to FA/AF mobile phases are shown on the right.

Peptides

containing 2 or more basic amino acid residues are represented in blue, and peptides containing
only one basic amino acid are displayed in red. Data was collected during triplicate LC-MS/MS
analysis of canine prostate carcinoma using a 0.2 x 150 mm column.
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Figure 4.5 Peptide Charge State. The charge state of all peptides identified during triplicate
analysis of canine prostate carcinoma was investigated. Results display similar charge state
identifications between the two mobile phase modifiers. Peptides identified in the +1 charge
state are shown in blue, +2 in red and +3 in green. Data was collected using a 0.2 x 150 mm
column.
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Figure 4.6 Analysis of Charge State for Peptides Identified by Both Mobile Phase
Modifiers. An analysis of peptide charge state was conducted for the 150 peptides identified in
both mobile phase modifier conditions from triplicate analysis of canine prostate carcinoma.
Peptides identified in the same charge state are shown in blue. Peptides identified in a higher
charge state in formic acid only conditions are shown in red, and in a higher charge state in
formic acid/10 mM ammonium formate are shown in green. Data was collected using a 0.2 x
150 mm column.
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Figure 4.7 Charge State Analysis of Peptides Identified by Both Mobile Phase Modifiers
Containing Multiple Basic Amino Acid Residues. Comparison of charge state was conducted
for the 72 peptides that consisted of two or more basic amino acid residues and were identified in
both mobile phase modifier conditions. Peptides identified in a higher charge state in formic
acid only conditions are shown in red and, and in a higher charge state in FA/AF are displayed in
green. Peptides identified in the same charge state are shown in blue. Data collected during
triplicate analysis of canine prostate carcinoma using a 0.2 x 150 mm column.

84

CHAPTER 5
GELC SEPARATIONS: WHICH DIMENSION PLAYS THE MOST IMPORTANT ROLE IN
PROTEIN IDENTIFICATION EFFICIENCY?3

_____________________________
3
Johnson, D., Boyes, B., Orlando, R. To be submitted to Journal of Biomolecular Techniques:
JBT.
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Abstract:
The high degree of complexity displayed by biological systems presents a challenge for
mass spectrometry based proteomic analysis, leading to the use of 2-dimensional (2D) separation
techniques such as gel electrophoresis and reversed phase liquid chromatography (GeLC).
Improvements in separation efficiency can increase the dynamic range of protein identifications.
Unfortunately, as separation efficiency in either dimension increases, the amount of time
required for mass spectrometry analysis also increases. Since instrument time is a practical
limitation, the aim of this work is to evaluate GeLC separations, to determine how to maximize
protein identifications when mass spectrometer analysis time is kept constant. GeLC separations
were evaluated with high numbers of 1st dimension fractions and fast LC-MS/MS analysis, few
1st dimension fractions and long LC-MS/MS analysis or with moderate separation efficiency in
both dimensions. We initially thought that the highest number of protein identifications would
correlate with the GeLC condition displaying the highest 2D peak capacity; however this was not
the case. The highest numbers of protein identifications were produced with moderate separation
efficiency in each dimension, when the chromatographic reequilibration times constituted the
lowest percentage of total experiment time. Our results show gel overlap is widespread and
independent of the number of slices collected. Furthermore, for proteomic applications no
optimal number of gel slices to collect was identified. These results also show that more
efficient use of instrument time can help offset the reduction in peak capacity when LC gradient
time was reduced.
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Introduction:
The field of proteomics has witnessed significant advances in recent years due to rapid
improvements in mass spectrometry (MS).

Technological developments have improved

instrument sensitivity, mass accuracy and resolution, but bioanalytical analysis still presents a
formidable challenge due to the high degree of complexity and wide dynamic range displayed by
biological systems.3,4 MS is currently unable to overcome these challenges due to a relatively
narrow dynamic range, therefore a variety of separation techniques have been utilized to improve
upon this limitation.16,33 One-dimensional (1D) separations improve proteome coverage, but
lack the resolving power to match the complexity of a proteolytic digest which can contain tens
to hundreds of thousands of different peptides.33 To increase resolving power and improve
proteome coverage, multidimensional separation techniques have been incorporated into MSbased proteomic workflows.
A wide variety of electrophoretic, chromatographic and mass spectrometry techniques
have been combined to achieve 2, 3 and even 4D separations.16,72-76,87,89,90 Unfortunately, as the
number of separation dimensions increases, the required amount of MS analysis time also
increases.

For example, if the time required for liquid chromatography tandem mass

spectrometry (LC-MS/MS) analysis is 2 hours, adding a second dimension of separation with 10
fractions would increase MS analysis time to 20 hours. Likewise, the addition of a third
dimension collecting 10 fractions would increase MS analysis time to 200 hours for a single
replicate. While 3-and-4D separations are possible, this becomes impractical when analyzing
numerous samples with multiple replicates.
A viable compromise between MS analysis time and separating power can be achieved
with 2D separations.

Reversed phase LC (RP-LC) is the most widely utilized separation
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technique for electrospray ionization (ESI), and has been combined with various other
techniques for 2D analysis.33,72,73,75,76,87 Numerous reports have compared these 2D separation
techniques, and results have varied concerning the selection of the “best” method.86,125,186-188
However multiple investigators have reported 1D gel electrophoresis combined with RP-LCMS/MS (GeLC-MS/MS) produced the highest numbers of proteomic identifications.86,125
While previous evaluations of GeLC separations have been based on comparative
analysis with other 2D methods, questions can be raised about the separation efficiency
contribution from each dimension. As separation efficiency in either dimension increases, the
amount of time required for MS analysis also increases, similar to the pitfalls observed with 3and-4D separations. The common question presented to researchers then becomes how many gel
slices should be collected, and what LC conditions should be applied for GeLC-MS/MS analysis.
The optimal number of gel slices to collect has not been a subject of previous evaluation,
and in most cases it appears that a number was chosen based on preference from the individual
performing the analysis. In 2D comparative works, the number of gel slices collected has varied
from 10 to 38.86,125,186,188 Other GeLC-MS/MS proteomic works have utilized high numbers of
gel slices (10-20) for the purpose of increasing the depth of analysis.110,189 Is this increase in
depth due to enhanced 1st dimension separation efficiency, the additional amount of MS analysis
time now required to analyze more gel slices or a combination of both?
The evaluation of RP-LC separations has been much more thoroughly examined, with
many

reports

demonstrating

a

correlation

of

peak

capacity

and

proteomic

identifications.137,138,190,191 The combination of lengthy columns (i.e. 50 cm) and extensive
gradients (i.e. 8 hrs.) can achieve the highest peak capacities, thus producing the most proteomic
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identifications, but how much of an impact does LC peak capacity have on proteomic
identifications when SDS-PAGE is applied upstream of LC-MS/MS analysis?138,190,191
As MS analysis time is a practical limitation, achieving the highest proteomic
identification efficiency becomes an important consideration. The aim of this work is to evaluate
GeLC separations to determining how to maximize protein identifications when MS instrument
time is held constant. Does the highest protein identification efficiency occur with high numbers
of 1st dimension fractions and short LC-MS/MS analysis, few 1st dimension fractions and long
LC-MS/MS analysis or with moderate separation efficiency in both dimensions?
Materials and Methods:
In-gel Digestion
Soluble protein extracts from canine prostate tissue were loaded into a gel and underwent
gel electrophoresis through a NuPAGE 12% Bis-Tris Gel (Invitrogen, Carlsbad, CA). Each gel
lane contained 8 µg of protein measured by BCA assay. Gels were stained with Coomassie
Brilliant Blue R-250 Staining Solution (Bio-Rad, Hercules, CA). After a 3 hour staining, a fixer
solution of 40% methanol and 10% acetic acid was then added to the gel for 1 hour. Gels were
then removed from the fixer solution, washed with water and cut into the desired number of
slices. Gel lanes were cut into either 3, 5, 9 or 18 slices, with each slice cut into 1 x 1 mm
squares for digestion. Water was then added to the gel pieces and discarded to waste. Gel pieces
were then washed with a mixture of 50% acetonitrile and 50% water, with solution removed as
waste after 15 minutes. 100mM ammonium bicarbonate was then added, and after 15 minutes,
an equal volume of acetonitrile was added to make a 1:1 (v/v) solution. After incubation at room
temperature for 15 minutes, the ammonium bicarbonate/acetonitrile solution was removed to
waste. Acetonitrile was again added to the gel slices and incubated at room temperature for 15
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minutes. This solution was then removed as waste. A solution of 10 mM dithiothreitol (DTT) in
100 mM ammonium bicarbonate was then added and incubated in a 65°C water bath for 1 hour.
The reducing solution was then removed and a 55 mM iodoacetamide (IDA) in 100 mM
ammonium bicarbonate alkylating solution was added.

Samples were incubated at room

temperature for 1 hour in the dark. The alkylating solution was then removed and 100 mM
ammonium bicarbonate was added. After 5 minutes an equal volume of acetonitrile was added
to make a 1:1 (v/v) solution. After 15 minutes of incubation, this solution was removed to waste.
A solution of 0.1% sequencing grade trypsin (Promega, San Luis Obispo, CA) was made in 100
mM ammonium bicarbonate and added to the gel pieces at 1:50 (w/w) enzyme to protein; the
resulting mixture was digested overnight at 37°C. The following day peptides were extracted by
collecting the solution from gel pieces, then a solution of 50% acetonitrile and 0.1% formic acid
was then added to the gel pieces. After 15 minutes this solution was extracted, and pooled with
the solution previously pulled from the digested gel slices.

Peptide solutions were then

evaporated to dryness and stored at -20°C until mass spectrometry analysis.
LC-MS/MS Analysis
Data was acquired using an Agilent 1100 Capillary LC system (Palo Alto, CA) with
either a 0.2 x 50 mm or 0.2 x 150 mm Halo Peptide ES-C18 capillary column packed with 2.7
µm diameter superficially porous particles (Advanced Materials Technology, Inc., Wilmington,
DE). On-line MS detection used the Thermo-Fisher LTQ ion trap (San Jose, CA) with a
Michrom (Michrom Bioresources, Auburn, CA) captive spray interface.

Sample analysis

utilized the LTQ divert valve fitted with an EXP Stem Trap 2.6 µL cartridge packed with Halo
Peptide ES-C18 2.7 µm diameter superficially porous particles (Optimize Technologies, Oregon
City, OR). Mobile phase A consisted of 99.9% water, 0.1% formic acid, adjusted to 10 mM
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ammonium formate. Mobile phase B contained 80% acetonitrile, 0.1% formic acid and 10 mM
ammonium formate. Mobile phases used formic acid, ammonium formate and acetonitrile from
Sigma-Aldrich (St. Louis, MO).
Gradient conditions increased the concentration of mobile phase B from 6.3% to 75% B
over 12.5, 36, 74 or 90 minutes (complete LC experimental conditions provided in Table 1).
Evaluation of GeLC separations were conducting using the following conditions; (1) 18 gel
fractions with a 21 minute LC-MS/MS analysis for each fraction (18 x 21 min), (2) 9 gel
fractions with a 45 minute LC-MS/MS analysis for each fraction (9 x 45 min), (3) 5 gel fractions
with an 83 minute LC-MS/MS analysis (5 x 83 min) and (4) 3 gel fractions with a 140 minute
LC-MS/MS analysis for each fraction (3 x 140 min). For each GeLC separation, a total of 3 gel
lanes were analyzed in duplicate, requiring approximately 43 hours of MS analysis time.
The number of MS/MS spectra acquired per cycle was set to either: 5, 7 or 8. This was
determined based on observed cycle times and chromatographic peak widths measured during
peak capacity analysis.185 The number of MS/MS spectra acquired per cycle was set to allow for
completion of 3 cycles during chromatographic peak elution, Table 1.
Raw tandem mass spectra were converted to mzXML files, then into mascot generic files
(MGF) via the Trans-Proteomic Pipeline (Seattle Proteome Center, Seattle, WA). MGF files
were searched using Mascot (Matrix Scientific Inc., Boston, MA) against separate target and
decoy databases obtained from the National Center for Biotechnology Information (NCBI). The
target database contained all canine protein sequences and the decoy database contained the
reversed sequences from the target database. Mascot settings were as follows: tryptic enzymatic
cleavages allowing for up to 2 missed cleavages, peptide tolerance of 1000 parts-per-million,
fragment ion tolerance of 0.6 Da, fixed modification due to carboxyamidomethylation of
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cysteine (+57 Da), and variable modifications of oxidation of methionine (+16 Da) and
deamidation of asparagine or glutamine (+0.98 Da). Mascot files were loaded into ProteoIQ
(PREMIER Biosoft, Palo Alto, CA), where a 5% protein false discovery rate and a 0.9 peptide
probability was applied for confirmation of proteomic identifications.
Peak Capacity
Tryptic peptides from bovine serum albumin (Michrom Bioresources, Auburn, CA) were
used to evaluate peak capacity, measured from duplicate experiments of 1 pmol sample
injections. Peak capacity measurements were made without the collection of MS/MS spectra, to
increase the number of data points collected across each chromatographic peak. Calculation of
peak capacity was based on the selection of 14 BSA tryptic peptides listed in Table 2. These
peptides were selected to provide a wide range of retention for accurate evaluation of peak
capacity. Calculations of peak capacities were conducted using 2 methods, each with a different
measurement of time. Equation 1, measured peak capacity, was calculated using the retention
times of the first and last eluting peptides from Table 2. Equation 2, theoretical peak capacity,
used the actual length of the gradient (Tg) for retention time, independent of actual peptide
retention times. Theoretical peak capacity was calculated to provide a measure of peak capacity
independent of sample retention times to demonstrate the maximum peak capacity obtainable for
each LC gradient condition. Peak capacity measurements were made using Xcalibur software,
measuring peak widths at 50% peak height via manual inspection of extracted ion
chromatograms.
Results:
Comparative analysis of GeLC separations were conducted with the calculation of peak
capacity. The Giddings’ method for determining peak capacity of 2-dimensional separations was
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applied, taking the product of peak capacity from each separation dimension (Npc x Npc).111 The
number of gel slices collected was used for peak capacity in the 1st dimension, and the LC peak
capacity was measured using 14 BSA tryptic peptides listed in Table 2. The GeLC separation
producing the highest 1st dimension peak capacity was the 18 gel slices/21 minute LC-MS/MS
analysis (18 x 21 min), which also produced the highest 2D peak capacity shown in Table 3.
Although the 3 gel slices/140 minute LC-MS/MS analysis (3 x 140 min) produced the highest
LC peak capacity, it provided the lowest 2D peak capacity due to the low number of 1st
dimension fractions.
The next metric evaluated were the numbers of proteomic identifications produced by
each GeLC separation. For this analysis, soluble proteins extracted from canine prostate tissue
were used, and protein identifications were validated using a 5% protein false discovery rate and
a 0.9 peptide probability.

Initially, it was thought that the highest numbers of protein

identifications would correlate to the GeLC condition displaying the highest 2D peak capacity,
but this was not the case. The combination of moderate separation efficiency in the 1 st and 2nd
dimension produced the highest numbers of proteomic identifications, and the 5 gel slices/83
minute LC-MS/MS analysis (5 x 83 min) provided the highest protein identification efficiency,
shown in Table 4. The most surprising results came from the 18 x 21 min separation, which
produced the fewest number of proteomic identifications, 4-6x less than any of the other GeLC
separations evaluated. Another surprising observation was the GeLC separation displaying the
highest LC peak capacity (3 x 140 min) produced significantly fewer protein identifications than
separations having much lower LC peak capacities.

These results suggest the previously

reported correlation of peak capacity and proteomic identifications does not apply for GeLC
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separations, and other factors appear to provide more significant contributions than initially
expected.
1D Gel Separation Analysis
These results raised many questions since they contradicted a previously reported
correlation and our initial hypothesis. The first question presented is how to accurately measure
GeLC peak capacity. The calculation of peak capacity for LC separations is well defined, but
when combined with gel fractionation, this can be far more ambiguous. Peak capacities of 2D
separations are commonly measured using the Giddings’ method (Npc x Npc), but no reports have
addressed peak capacity of 1D gel electrophoresis when applied to GeLC.
The measurement of peak width can easily be determined in chromatographic analysis,
but this becomes far more difficult to determine in gel electrophoresis. Is a peak defined as an
individual protein band or the number of gel slices collected? The measurement of protein bands
can be difficult, and gel stains commonly used such as Coomassie Blue exhibit very low
sensitivity. Most to all low abundance proteins are not observed with gel staining, so measuring
protein bands does not provide an accurate assessment of separating power. The approached
used in this work defined a peak as a gel slice since the actual separation occurs from cutting the
gel. While this appeared to be the most logical approach, it still may not be the most accurate
due to high sample overlap commonly observed in gel electrophoresis.
The next questions raised included how much overlap is occurring with gel
electrophoresis and can this be accurately accounted for in a peak capacity measurement? It was
initially hypothesized that higher numbers of gel slices created more sample overlap, leading to
the same protein being identified in multiple gel slices. This was based in part on the high
number of matched MS/MS spectra per peptide identification observed with the 18 x 21 min
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analysis (Table 4). To measure the degree of overlap, an adjusted number of gel slices was
calculated for each GeLC separation. Every protein identification was analyzed to determine
how many different gel slices it was identified in within the same gel lane. Based on this, the
adjusted gel slice number was determined, and an average was taken for each GeLC separation.
Figure 1 displays an image of a stained gel, with red lines indicating the approximate location the
gel was sliced at. If the same protein was identified in both slice 1A and 2A, the number of
fractions collected for the separation was reduced from 3 to 2. Likewise, if a protein was only
identified in slice 3A, the number of slices remained the same. Table 5 presents the specific
adjusted gel slices numbers used for the 3 x 140 min analysis. The same logic was applied for
the 5, 9 and 18 gel slice separations. Once all protein identifications were analyzed, adjusted gel
slices number were calculated for each GeLC separation. This average was applied to the 2D
peak capacities presented in Table 6. For each GeLC separation, ~40% of proteins found were
identified in multiple gel slices, suggesting no correlation between overlap and the number of gel
slices collected.
Due to the similarities in measured overlap and significant differences in protein
identifications, high abundance proteins were specifically examined to determine how much
impact they have on sample overlap. To assess this, adjusted gel slice numbers were determined
for the top 10% and 25% most abundant protein identifications (based on spectral counts) for
each GeLC separation.

Surprisingly, analysis of the top 10% most abundant protein

identifications showed similar overlap, with the highest numbers of gel slices producing the
smallest degree of overlap.

Results were also similar analyzing the top 25% of proteins,

indicating high abundance proteins do not show an increasing degree of overlap as the number of
gel slices is increased.
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These results demonstrate a lack of correlation between 2D peak capacity and proteomic
identifications for GeLC separations. Although the measurement of peak capacity in a 1D gel
can be the subject of much debate, our results suggest Npc x Npc it is not applicable to GeLC
separations. Peak capacity is a measurement of well-resolved peaks. Our results show ~40% of
protein found were identified in multiple gel slices in the same lane, and this was independent of
the number of slices collected. This high degree of overlap suggests no well-resolved bands are
present, so gel fractionation separating power cannot be measured with peak capacity.
Furthermore, GeLC may not be a true 2D separation since a chemical modification occurs
between the 1st and 2nd dimension of separation with enzymatic digestion. These results also
suggest there is no “optimal” number of gel slices to collect. The increase in depth of analysis
previously reported is the result of increased MS analysis rather than increased separation
efficiency from collecting additional gel slices.110
LC-MS/MS Analysis
LC-MS/MS conditions were also examined to determine factors that contributed to
protein identification efficiency.

While each GeLC separation required ~43 hours for MS

analysis, the times required for sample loading onto a trap column and reequilibration were not
the same due to differences in column lengths and flow rates. This in turn determined the
gradient length for each LC separation. The percentage of total experiment time allocated to LC
gradient elution showed a direct correlation with proteomic identifications. The 5 x 83 min
analysis utilized 86% of instrument time on gradient elution (Figure 2C), in turn producing the
most protein identifications. Likewise, the 18 x 21 min analysis spent the least amount of
instrument time on gradient elution (52%), and identified the fewest number of proteins (Figure
2A).
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While reequilibration is necessary, no relevant proteomic data should be collected during
this time since high confidence peptide identifications should only be produced during gradient
elution. To confirm this, data from the 3 x 140 min analysis was run through an in-house
program to remove all spectra acquired during sample loading and reequilibration. Mascot
database searching produced identical results with and without the presence of sample loading
and reequilibration spectra, proving no proteomic identifications are produced during these
times.
Each LC gradient included appropriate trap column sample loading time and a 10x
column volume reequilibration (50 mm column volume: 0.8 µL; 150 mm column volume: 2.5
µL). The experimentally measured 56 µL chromatograph dwell volume was also taken into
account when determining LC gradient conditions. Every LC experiment was operated at the
highest flow rate possible staying below the chromatograph back pressure limit of 400 Bar. The
50 mm column was operated at 9 µL/min, so taking LC dwell volume into account, only 6.5
minutes were required for reequilibration, whereas the 150 mm column could only be operated at
4 µL/min so 50 minutes were required for reequilibration. The high flow rates provided an
advantage in efficiency, most notably for the 5 x 83 min analysis which spent less than 10% of
total instrument time on sample loading and reequilibration. Likewise, the 2 GeLC separations
producing the fewest proteomic identifications required the most instrument reequilibration time
(~30%).
These results also show that more efficient use of MS experiment time can help offset the
reduction in peak capacity when LC gradient time was reduced. Both moderate separation
efficiency conditions (5 x 83 min and 9 x 45 min) produced LC peak capacities of 65, which was
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far less than that of the 3 x 140 min separation (Npc = 100). However, they both displayed better
instrument time efficiency, in turn identifying more proteins.
Analysis of instrument time utilization also highlighted another consideration when
determining how to maximize protein identification efficiency. The amount of MS analysis time
for each GeLC separation is presented in Table 1, which includes the run to run delay necessary
for LC injection. Unfortunately each LC injection is subjected to a ~3 minute instrument-fixed
delay.

This puts GeLC separations with higher numbers of 1st dimension fractions at a

disadvantage due to higher numbers of LC-MS/MS runs. To analyze all replicates from the 18 x
21 min analysis, a total of 108 LC injections were necessary, which corresponded to 12.5% of
total instrument time (Figure 1A). This was time that no MS data was collected. Although this
was not significant enough to explain the huge disparity in proteomic identifications, it is a
source of inefficiency that provided some contribution to these results.
Conclusions:
The GeLC separation producing the most protein identifications in this fixed instrument
time experiment was the 5 x 83 min analysis, which utilized moderate separation efficiency in
both dimensions. Surprisingly, a correlation of 2D peak capacity and proteomic identifications
was not observed. The 18 x 21 min analysis produced the highest 2D peak capacity, but
identified the fewest number of proteins. Our data shows the amount of overlap is significant,
and independent of the number of slices collected. Although the calculation of peak capacity in
a gel is quite ambiguous, it appears this is not an appropriate measurement of separating power
in a gel since no well-resolved bands are produced. Increased depth of analysis from collecting
higher numbers of gel slices is the result of additional MS analysis rather than increased 1st
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dimension separation efficiency. We can also conclude that no ideal number of gel slices to
collect was identified.
A correlation of the percentage of total instrument time allocated to gradient elution and
proteomic identifications was observed. Since no high confidence peptide identifications are
produced during sample loading and LC reequilibration times, maximum protein identification
efficiency occurs when these times can be minimized. The high flow rates used with the 50 mm
column provided an advantage over the 150 mm column, as sample load and reequilibration time
was significantly reduced. This in turn provided a more effective use of instrument time,
producing the highest number of protein identifications.

Results also show that increased

instrument efficiency can help offset the reduction in LC peak capacity resulting from shorter LC
gradients.
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Table 5.1
GeLC-MS/MS Experimental Conditions
Abbreviation
Used

No. Gel
Slices

LC Column
Length
(mm)

Flow Rate
(µL/min)

Gradient
Length
(min)

Experiment
Time (min)a,b

Total MS
Analysis Time
(hrs)c

18 x 21 min

18

50

9

12.5

24

43.2

5

1.5

9 x 45 min

9

50

9

36

48

43.2

7

2.7

5 x 83 min

5

50

9

74

86

43

8

3

3 x 140 min

3

150

4

90

143

42.9

8

3

a

No. MS/MS Approx.
Events/Cycle Cycle
Time
(s)d

Experiment time required for the analysis of 1 gel slice. This includes an additional 3 minutes for LC injection delay.
Each LC-MS/MS experiment included the following considerations: 56 µL LC system dwell volume, 10x column volume re-equilibration (Column volumes:
50 mm = 0.8 µL; 150 mm = 2.5 µL).
c
Total mass spectrometer time required to analyze all gel slices and replicates (6 replicates).
d
Cycle time includes acquisition of 1 MS scan and user defined number of MS/MS scans.
b
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Table 5.2
BSA Tryptic Peptides Used for Chromatographic Analysis and Peak Capacity Calculations
Sequence

Peptide Mass (Da)

CASIQK

705.8237

LVTDLTK

788.9290

QTALVELLK

1014.2164

EACFAVEGPK

1107.2371

KQTALVELLK

1142.3887

SLHTLFGDELCK

1419.6016

YICDNQDTISSK

1443.5353

LGEYGFQNALIVR

1479.6783

MPCTEDYLSLILNR

1724.9953

LFTFHADICTLPDTEK

1908.1352

DAIPENLPPLTADFAEDKDVCK

2459.6801

GLVLIAFSQYLQQCPFDEHVK

2492.8454

QEPERNECFLSHKDDSPDLPK

2541.7044

TVMENFVAFVDKCCAADDKEACFAVEGPK

3310.7085
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Table 5.3
2nd Dimension Peak Capacities Obtained from the Number of Gel Slices and LC-MS Analysis of 1 pmol Injections of Tryptic
BSA Peptides Using Various Chromatographic Conditions

a

No.
Gel
Slices

Column
Length
(mm)

Flow Rate
(µL/min)

Gradient
Length
(min)

AVG.
Peak
Width (s)

Peak
Width SD

LC Npc

LC
Theoretical
Npc

2D Npca

2D
Theoretical
Npca

18

50

9

12.5

3.56

0.69

46.6

123.9

838.8

2230.7

9

50

9

36

7.30

1.33

64.6

174.1

581.1

1566.5

5

50

9

74

15.99

5.65

64.9

163.4

324.8

816.9

3

150

4

90

13.99

2.35

99.6

227.1

298.7

681.2

2D peak capacity is the product of LC peak capacity and the number of gel slices collected.

103

Table 5.4
Proteomic Identifications Results from Canine Prostate Analysis Using Various GeLC Separations
No.
Gel
Slices

Column
Length
(mm)

Gradient
Length
(min)

Protein
IDsa

AVG
Protein ID/
Replicate
(SD)b

Peptide
IDsa

AVG Peptide
ID/ Replicate
(SD)b

Matched
MS/MS
Spectrab

MS/MS
Spectra/
Peptide ID

2D Measured
Npc
(Theoretical
Npc)

18

50

12.5

46

27

185

78.8

1105

6.0

838.8

(5.4)
9

50

36

267

188.7

(20.4)
1228

(5.8)
5

50

74

285

198

150

90

199

129.3

1327

b

4.2

606.7

765

320.7
(28.9)

Proteomic identifications validated using a 5% protein false discovery rate and 0.9 peptide probability
Average protein and peptide identifications calculated from 6 replicates
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581.1
(1566.5)

5389

4.1

(33.7)

(6.5)
a

5126

(45.8)

(6.7)
3

549

(2230.7)

324.8
(816.9)

2357

3.1

298.7
(681.2)

Table 5.5
Calculation of Adjusted Gel Slice Number for the 3 x 140 min GeLC Separation
Actual Number of Gel Slices Collected

No. of Slices a Protein is Identified Ina

Adjusted Gel Slice Number

3

1

3

3

2

2

3

3

1

a Reflects the number of individual gel slices a specific protein was identified in within the same gel lane.
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Table 5.6
The Actual Number of Gel Slices Collected and Calculated Adjusted Number of Gel Slices Measuring Sample Overlap
Observed During Gel Fractionation
No. Gel
Slices

Percentage of
Protein IDs in
Multiple Slicesa

ADJ No. Gel
Slicesa,d

Measured 2D Npc

ADJ No. Gel Slices:
Top 10%b,d

ADJ No. Gel Slices:
Top 25%c,d

18

39.4%

16.8

783

12.1

15.0

(67.4%)

(83.5%)

5.3

6.5

(58.4%)

(71.9%)

2.8

3.4

(55.8%)

(67.2%)

1.6

2.0

(53%)

(66.3%)

(93.3%)
9

47.0%

7.8

504

(86.8%)
5

42.6%

4.3

279

(85.8%)
3

36.9%

2.6

254

(85%)
a

For every GeLC separation every protein was analyzed by the gel lane, so if the same protein was identified in two separate gel lanes, this was treated as two
different identifications for the purpose of calculating adjusted gel slice numbers.
b
The adjusted number of gel slices was only calculated for the top 10% of protein identifications (based on spectral counts).
c
The adjusted number of gel slices was only calculated for the top 25% of protein identifications (based on spectral counts).
d
The percentage reflects the comparison of the calculated adjusted number of gel slices compared to the actual number of gel slices collected.

106

Equation 1
Measured Peak Capacity
npc = (tf – ti)/W4[σ]

Equation 2
Theoretical Peak Capacity
npc = Tg/W4[σ]
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Figure 5.1 SDS PAGE Gel of Canine Prostate Tissue. 1D SDS gel of soluble canine prostate
proteins stained with Coomassie Blue. Each lane contained ~8 µg of protein. Red dashed lines
indicate the approximate location were the gel was sliced for the 3 x 140 min GeLC analysis. A,
B and C are shown to denote gel lanes, and 1, 2 and 3 denote the location where each slice was
collected on the gel.
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Figure 5.2 Mass Spectrometer Instrument Time Utilization.

An analysis of LC-MS

instrument time utilization for each GeLC separation was conducted. Each pie chart reflects
total LC-MS/MS analysis time required to analyze all gel slices and replicates. LC injection
time: Blue; time required for sample loading onto a trap column: Red; gradient elution time:
Green; time required for LC reequilibration: Purple. (A) 18 x 21 min, (B) 9 x 45 min, (C) 5 x 83
min, (D) 3 x 140 min.
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CHAPTER 6
PROTEOMIC ANALYSIS OF THE CANINE PROSTATE GLAND AND EXPLORATION OF
THE CANINE AS AN ANIMAL MODEL OF HUMAN PROSTATE CANCER?4

_____________________________
3
Johnson, D., Goedeke, A., Machado, U., Orlando, R. To be submitted to Journal of Proteome
Research.
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Abstract:
Prostate cancer is the sixth leading cause of carcinoma death among men worldwide.
Although it is the second most frequently diagnosed cancer, the healthcare industry still lacks a
reliable diagnostic tool to distinguish between indolent and aggressive forms of the disease.
Progress towards identifying new diagnostic and therapeutic strategies presents a variety of
challenges, therefore animals models are typically used for the large-scale study of human
diseases. Unfortunately, prostate cancer research has been hindered by the lack of a relevant
animal model. The potential use of the canine shows promise, as humans and canines are the
only two large mammals that spontaneously generate prostate cancer. Currently, no large-scale
proteomic studies have been conducted evaluating protein expression of the canine prostate
gland. The aim of this work is to analyze protein expression among several histologically
different canine prostates, and explore the potential for a predictive model of human prostate
cancer.

Comparative analysis between canine prostate cancer and healthy prostate tissues

identified numerous proteins with reported biological significance to human prostate cancer
development and progression. These results suggest the canine can provide a relevant predictive
model of androgen-insensitive, highly-metastatic human prostate cancer.
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Introduction:
Prostate cancer is the sixth leading cause of carcinoma death and the second most
frequently diagnosed cancer among men worldwide.192 While increased media attention has
heightened prostate cancer awareness, the healthcare industry still lacks a reliable diagnostic tool
to distinguish between indolent and aggressive forms of the disease.193 The two most commonly
used noninvasive screening methods, the digital rectal exam (DRE) and the prostate specific
antigen test (PSA), have not been shown to decrease mortality, and are prone to over-diagnosis
of clinically insignificant tumors leading to over-treatment.194,195

Currently, the U.S.

Preventative Services Task Force recommends against PSA-based screening for prostate cancer,
concluding the benefit does not outweigh the expected harm.196
The process of developing improved diagnostic strategies is time consuming and can be
difficult due to the regulatory and ethical issues that arise from studies involving human
subjects.152

Therefore, animal models are frequently used for the robust study of human

diseases. Unfortunately, prostate cancer research has been hindered by the lack of a relevant
animal model.17 Mice have traditionally been the most widely used model, however they may
not be the best candidate for studying prostate cancer. Mouse models are limited by narrow
genetic diversity and most tumors must be induced, whereas in humans, tumors arise
spontaneously.152,160 Due to these shortcomings, the canine has been suggested as a potential
animal model.
Approximately 400 inherited diseases similar to those found in humans have been
characterized in dogs.161,162 The canine also offers many other advantages including a high
degree of genetic diversity, exposure to similar environments, aging five to eight-fold faster than
humans, receiving specialized healthcare and the spontaneous generation of many human
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diseases.152

Furthermore, canines and humans are the only two large mammals that

spontaneously generate prostate cancer, and in both species the prostate gland shares many
anatomical and functional similarities. 18-20 The prostate is an ovoid-shaped retroperitoneal gland
that surrounds the neck of the urinary bladder and proximal urethra.163 Canines and humans also
share many characteristics associated with prostate cancer development such as increased
incidence with age, similar clinical symptoms and frequent occurrence of osteoblastic bone
metastases.163,164 In addition, most canine prostate neoplasms are aggressive and androgenindependent due to a lack of androgen receptors, thereby suggesting a model specifically for
metastatic prostate cancer.163,197
Previous work exploring the relevance of a canine animal model was conducted using a
mass spectrometry (MS)-based proteomics approach. LeRoy et al. utilized two-dimensional
differential in-gel electrophoresis (2-D DIGE) to compare protein expression between healthy
and carcinoma prostate tissue. Proteins exhibiting more than a 2.5-fold difference in expression
were subjected to MS analysis. This study identified several proteins that were differentially
expressed and are of biological significance to prostate cancer.21 While this work demonstrated
the potential of the canine animal model, it did not provide a global proteome analysis to further
study the disease.
The aim of this work is to produce the first large-scale analysis of protein expression in
the canine prostate gland and further explore the potential of the canine as a predictive model of
human prostate cancer. A 1D gel electrophoresis reversed-phase liquid chromatography tandem
mass spectrometry (GeLC-MS/MS) method was used to examine protein expression profiles
among several histologically different canine prostates. The following prostate samples were
analyzed: prostate carcinoma, atrophied prostate, benign prostatic hyperplasia, suppurative

113

prostatitis and healthy prostate tissue.

Comparative analysis of protein expression was

conducted, and proteins that were differentially expressed in carcinoma samples were examined
to determine their biological significance in prostate cancer.
Methods:
Collection of Samples
The prostate tissue samples were collected from cadavers at the time of necropsy. The
breed, age, and reproductive status were recorded. From each animal, 1/2 of the sample was kept
at -20C until needed for tissue preparation; the remaining tissues were preserved in neutralbuffered, 10% formalin solution. Fixed tissues were trimmed, routinely processed, embedded in
paraffin, and cut at approximately 5 microns. Slides were stained with hematoxylin and eosin
(HE) and with Masson’s trichrome. A board certified veterinary pathologist evaluated the slides
microscopically and provided histological diagnoses of the prostate gland. Histological slides
are provided in Figure 1.
Tissue Preparation
Approximately 1 gram of tissue was placed in a 45 mL falcon tube and a lysis buffer (44
mL PBS pH 7.4, 5 mL NP-40, 0.5 mL 10% SDS, 5 µL 1 M dithiothreitol (DTT)) was added for a
final sample/buffer volume of 7 mL.

Ice cold tissue samples were then subjected to

homogenization using a Polytron PT 10-35 (Kinematica, Inc, Bohemia, NY) for 30 seconds at a
setting of 3, repeated 3 times with 1 minute of rest on ice between each homogenization. Tissue
samples were then centrifuged at 1,000 x g for 5 minutes at 4°C. Samples were then transferred
to Oakridge tubes for centrifugation at 35,000 x g for 30 minutes at 4°C.

The soluble

supernatant was then removed and concentration was measured using a BCA Protein Assay kit
(Pierce, Rockford, IL).
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Soluble protein extracts from each prostate sample were loaded into a gel and underwent
gel electrophoresis through a NuPAGE 12% Bis-Tris Gel (Invitrogen, Carlsbad, CA). Each gel
lane contained approximately 8 µg of protein measured by BCA assay. Each gel lane was cut
into 14 slices, with each slice cut into 1 x 1 mm squares for digestion. Water was then added to
the gel pieces and discarded to waste. Gel pieces were then washed with a mixture of 50%
acetonitrile and 50% water, with solution removed as waste after 15 minutes.

100mM

ammonium bicarbonate was then added, and after 15 minutes, an equal volume of acetonitrile
was added to make a 1:1 (v/v) solution. After incubation at room temperature for 15 minutes,
the ammonium bicarbonate/acetonitrile solution was removed to waste. Acetonitrile was again
added to the gel slices and incubated at room temperature for 15 minutes. This solution was then
removed as waste.

A solution of 10 mM dithiothreitol (DTT) in 100 mM ammonium

bicarbonate was then added and incubated in a 70°C water bath for 1 hour. The reducing
solution was then removed and a 55 mM iodoacetamide (IDA) in 100 mM ammonium
bicarbonate alkylating solution was added. Samples were incubated at room temperature for 1
hour in the dark. The alkylating solution was then removed and 100 mM ammonium bicarbonate
was added. After 5 minutes an equal volume of acetonitrile was added to make a 1:1 (v/v)
solution. After 15 minutes of incubation, this solution was removed to waste. A solution of
0.1% sequencing grade trypsin (Promega, San Luis Obispo, CA) was made in 100 mM
ammonium bicarbonate and added to the gel pieces at 1:50 (w/w) enzyme to protein; the
resulting mixture was digested overnight at 37°C. The following day peptides were extracted by
collecting the solution from gel pieces, then a solution of 50% acetonitrile and 0.1% formic acid
was then added to the gel pieces. After 15 minutes this solution was extracted, for pooling with
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the solution previously pulled from the digested gel slices.

Peptide solutions were then

evaporated to dryness and stored at -20°C for mass spectrometry analysis.
Mass Spectrometry Analysis
Data was acquired using an Agilent 1100 Capillary LC system (Palo Alto, CA) with a 0.2
x 150 mm Halo Peptide ES-C18 capillary column packed with 2.7 µm diameter superficially
porous particles (Advanced Materials Technology, Inc., Wilmington, DE). On-line MS detection
used the Thermo-Fisher LTQ ion trap (San Jose, CA) with a Michrom (Michrom Bioresources,
Auburn, CA) captive spray interface. Sample analysis utilized the LTQ divert valve fitted with
an EXP Stem Trap 2.6 µL cartridge packed with Halo Peptide ES-C18 2.7 µm diameter
superficially porous particles (Optimize Technologies, Oregon City, OR). Gradient conditions
increased the concentration of mobile phase B from 6.25% to 75% B over 90 minutes. Mobile
phase A consisted of 99.9% water, 0.1% formic acid and 10 mM ammonium formate. Mobile
phase B contained 80% acetonitrile, 0.1% formic acid and 10 mM ammonium formate. Mobile
phases used formic acid, ammonium formate and acetonitrile from Sigma-Aldrich (St. Louis,
MO).
Raw tandem mass spectra were converted to mzXML files, then into mascot generic files
(MGF) via the Trans-Proteomic Pipeline (Seattle Proteome Center, Seattle, WA). MGF files
were searched using Mascot (Matrix Scientific Inc, Boston, MA) against separate target and
decoy databases obtained from the National Center for Biotechnology Information (NCBI). The
target database contained all canine protein sequences and the decoy database contained the
reversed sequences from the target database. Mascot settings were as follows: tryptic enzymatic
cleavages allowing for up to 2 missed cleavages, peptide tolerance of 1000 parts-per-million,
fragment ion tolerance of 0.6 Da, fixed modification due to carboxyamidomethylation of
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cysteine (+57 Da), and variable modifications of oxidation of methionine (+16 Da) and
deamidation of asparagine or glutamine (+0.98 Da). Mascot files were loaded into ProteoIQ
(NuSep, Bogart, GA), where a 5% false discovery rate and a 0.9 peptide probability were applied
for confirmation of protein identifications. Quantitative analysis was performed measuring
spectral counts within ProteoIQ using the total spectra count normalization method.198
Results:
Proteomic analysis of carcinoma, hyperplasia, prostatitis, atrophy and healthy prostate
tissue were compared to determine the effects of disease on protein expression. Overall, protein
expression was similar between the healthy, hyperplastic and prostatitis samples. In all three
conditions, less than 10% of protein identifications were unique to a specific sample (Table 1).
The two outliers in this analysis were the atrophy and cancer samples. The number of proteins
identified in the atrophy prostate was significantly less than all other conditions examined;
however this was expected since this animal was neutered. A lack of hormonal signaling results
in prostate atrophy; thus this sample was much smaller, and fewer proteins were identified. The
carcinoma prostate produced biologically significant differences when compared to the healthy
prostate. Our results were then compared with previous proteomic studies of prostate cancer in
both humans and canines.
Proteins Up-regulated in Cancer
A total of 285 proteins were identified in both the healthy and cancer samples. Of these
proteins, 52 were found to be upregulated by more than 3-fold in the cancer sample. Further
analysis determined 20 of these proteins have been previously shown to have biological
significance in human prostate cancer. Table 2 displays these 20 proteins, which have all been
identified by 2 or more peptides. Alpha-enolase, transketolase variant, voltage-dependent anion
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channel 2, and heat shock protein 90-alpha have been identified in multiple prostate cancer
studies as proteins of biological importance. Alpha-enolase is a multifunctional protein involved
in glycolysis, growth control, hypoxia tolerance and allergic response.17,21,199-201

It has

previously been identified in men with metastatic prostate cancer and overexpressed in
androgen-insensitive cell lines. LeRoy et al. identified alpha-enolase as an overexpressed protein
in canine prostate cancer samples, noting it may indicate enhanced glycolytic processes to meet
the metabolic needs of rapidly growing and dividing cancer cells.21
Transketolase variant (TV) is an enzyme involved in the glycolysis pathway, and has
been purposed to be a protein utilized by malignant cells.202 During the pentose phosphate
pathway, the nonoxidative part of the conversion of glucose to ribose is controlled by
transketolase enzymes. The inhibition of these enzyme reactions suppresses tumor growth and
metastasis, therefore suggested to be a potential target for cancer therapies.203 Our results
identified TV as upregulated more than 4-fold in carcinoma tissue. Other studies have also
identified transketolase, finding it to be overexpressed in androgen-insensitive and highly
metastatic cell lines.17,204
Another protein found to be upregulated in cancer was the voltage-dependent anion
channel (VDAC) 2 protein.

This is a channel forming protein in the outer mitochondrial

membrane allowing anion transfer. The VDAC protein family plays a key role in transporting
ATP, ADP, pyruvate and other metabolites, thus exerting global control over mitochondrial
metabolism.205 It has also been shown that global suppression of VDAC proteins leads to
apoptosis, suggesting overexpression of this protein could be related to increased tumor cell
metabolism.206 In other proteomic studies, VDAC-2 has been identified as a tumor-derived

118

protein and has been shown to be overexpressed in androgen-insensitive prostate cancer cell
lines.17,200
Heat shock protein (Hsp) 90-alpha was also identified, and significantly upregulated in
the prostate cancer sample. Other proteomic analyses have identified Hsp90-alpha in both
androgen-sensitive and androgen-insensitive prostate cancer cell lines.17,207

Hsp90 is a

chaperone molecule with a well-established role in tumor biogenesis, assisting in folding and
stabilizing a number of proteins required for tumor growth.208 Inhibition of Hsp90 has also been
investigated as an anticancer drug.209
Another interesting observation presented in Table 2 is the overexpression of annexin 1
and annexin 2. Numerous reports have identified the annexin proteins as differentially expressed
in neoplasms, however both annexin 1 and 2 have been found to be downregulated in prostate
cancer.210-212 Annexin 1 is involved in signal transductions, cell differentiation, proliferation,
tumor invasion, and has been suggested as a possible tumor suppressor.213,214 It has also been
reported that increased annexin 1 expression reduced tumourigenicity by enhancing activation of
pro-apoptotic signaling pathways.215
downregulated in prostate cancer.214,216

Likewise, annexin 2 has also been reported as
Annexin 2 has also been described as a tumor

suppressor, and reduced expression may contribute to prostate cancer development and
progression.213 While our results identified these proteins as overexpressed, this is most likely
the result of a limited sample size used in this analysis.
Proteins Unique to Cancer
This study also identified 69 proteins that were unique to the cancer sample. Among
these identifications, 10 proteins have been previously associated with human prostate cancer
development and progression, shown in Table 3. Calreticulin is a calcium-binding chaperone
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protein identified uniquely in the cancer sample in this work. Other studies have identified
calreticulin in prostate cancer cell lines, and have shown it to be upregulated in highly metastatic
and androgen-insensitive cell lines.17,204,217 Calreticulin plays a key role in tumor proliferation
by providing a pro-phagocytosis signal, which is then inhibited by CD47 to prevent cancer cell
phagocytosis by the immune system. On the surface of healthy cells this protein is minimally
expressed, however it is highly expressed on the surface of several human cancer cells.218
Elongation factor 1 alpha (eEF1A1) was identified in the prostate cancer tissue but not in
the healthy sample, in agreement with other studies that have found it to be uniquely expressed
in human prostate cancer tumors.219 When protein expression was compared between the cancer
and hyperplastic samples, eEF1A1 was significantly upregulated (Cancer Norm.SC: 35;
Hyperplastic Norm.SC: 1). Other reports have also noted increased expression of eEF1A1 in
non-progressing prostate cancer tissue when compared to hyperplasia samples.220,221 eEF1A1
has been shown to interact with phosphor-Akt to regulate proliferation, survival and motility in
breast cancer.222 A downregulation of eEF1A1 by RNA interference in DU-145 cells was shown
to reduced tumor cell proliferation and inhibited cell migration and invasion.223
Integrins are proteins that mediate the attachment of cells to surrounding cells,
extracellular matrix and play an important role in cell signaling.

Signals for cell growth,

division, survival, differentiation and apoptosis are all received through integrins.224 They have
been found to play in integral role in the spread of cancer to bone, and have been found in most
malignant cancers.225 Currently, alpha V integrins are promising therapeutic targets in prostate
cancer.226
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Proteins Downregulated in Cancer
A total of 43 proteins were downregulated by more than 3-fold in our cancer sample.
Further analysis determined 5 of these proteins have biological association with prostate cancer,
shown in Table 4.227 Hsp70 is a chaperone important in protein folding and prevention of
aggregation. It may also play a role apoptosis. Although multiple reports have identified Hsp70
in prostate cancer analysis, conflicting data exists about its expression. One study reported
increased expression of Hsp70 as the disease progresses, while another work found it to be
downregulated in prostate cancer.217,220

Desmin and Hsp beta-1 were also found to be

downregulated in our cancer sample. Both proteins are phosphoproteins, and a previous study
identified them in all prostate cancer samples analyzed; however, this was after the enrichment
of phosphopeptides.228 Hsp beta-1 has also been identified in both androgen-sensitive and
insensitive cell lines, however quantitative comparison with healthy tissue was not reported.17,201
Proteins Unique to Healthy Tissue
Analysis of healthy tissue identified 27 proteins that were unique, and 3 have biological
significance to prostate cancer. Although 10 kDa heat shock protein, mitochondrial and isoform
of sodium/potassium-transporting ATPase were not identified in the carcinoma tissue in this
study, they have previously been reported to be expressed in both androgen-sensitive and
androgen-insensitive prostate cancer cell lines.17 The fact that our study did not identify these
proteins in the carcinoma tissue is most likely the result of a limited number of samples
analyzed. Interestingly, myosin 6 was only identified in the healthy sample. Much debate
remains about the expression of myosin 6 as Jansen et al. reported it to be a “tumor-derived”
protein, whereas Lapek et al. found this protein to be expressed in healthy tissue, but was absent
in tumor and metastatic cell lines.200,220
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Comparative analysis to previous canine prostate cancer proteomics
A previous study by LeRoy et al. compared the protein expression between healthy and
carcinoma prostate tissue in canines.21 In total, 9 proteins were identified as being overexpressed
(> 2.5-fold) in cancer samples, and 6 of these proteins have been found to be biologically
significant in prostate cancer or in the progression of other types of cancer. Our analysis
produced similar findings, identifying 7 of these proteins, and 6 showed greater than 2.5-fold
upregulation in our analysis, shown in Table 6. While vimentin was identified in our study, it
was not found to be differentially expressed between healthy and carcinoma prostate samples.
Conclusions:
This work produced the first large-scale study of protein expression in the canine prostate
gland.

Protein expression was similar in the healthy, prostatitis and hyperplastic prostate

samples. Significant differences in expression were observed when comparing healthy and
carcinoma tissue. Many differentially expressed proteins identified in this study have been
associated with human prostate cancer, particularly late stage prostate cancer, or disease
progression in other types of cancer. Furthermore, previous studies have identified several of
these proteins as suggested therapeutic targets, current targets of anticancer drugs, or potential
biomarkers. One major problems that has restricted prostate cancer research is the relatively
limited number of metastatic human prostate cancer cell lines.17 Canine prostate cancer is both
androgen-insensitive and generally highly metastatic, thus suggesting a potential predictive
model of late-stage human prostate cancer. Although the sample size in this work was limited,
our results appear very promising as many proteins identified in the canine carcinoma sample
have been identified in androgen-insensitive and highly metastatic human prostate cancer cell
lines. Future studies will be needed to confirm, validate, and expand on these results.

122

This work also presents a basis for future research in prostatic disease and progression.
Very little information is available on protein expression differences in benign hyperplasia
versus malignant growth or other prostatic diseases. Analyzing the changes in protein expression
among different diseases, as well as protein expression changes throughout the progression of the
disease could produce new in-sites that would be useful in understanding pathophysiology,
diagnosis, and treatment options.
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Table 6.1
Canine Prostate Samples Analyzed and Proteomic Identifications Produced During GeLC-MS/MS Analysis.

a
b

Prostate
Sample

Breed

Reproductive
Status

Age

Protein IDs a,b

Peptide IDs a,b

Sample Unique
Protein IDs

Atrophy

English Bulldog

Neutered

3

304

1124

5

Cancer

Unknown

Unknown

Unknown

426

2318

69

Hyperplastic

Dachshund

Intact

9

354

1704

29

Healthy

Labrador Retriever

Intact

5

466

2231

27

Prostatitis

Unknown

Unknown

Unknown

432

2009

23

Totals produced during triplicate analysis.
All protein and peptide identifications validated with a 5% protein false discovery rate and 0.9 peptide probability.
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Table 6.2
Proteins Upregulated by >3 fold in Canine Prostate Cancer Sample That Have Biological Significance to Prostate Cancer.
Proteina

Molecul
ar
Weight
(kDa)

Cancer
Norm. SC

Healthy
Norm. SC

Biological Function

Multifunctional: Glycolysis, growth control, hypoxia tolerance, allergic response

Reference No.

Alpha-enolase

48.827

32.33

7

Annexin A1

38.584

102.67

2.33

Calcium binding protein involved in exocytosis, cell signal transduction associated with
inflammation, cell differentiation and proliferation

17, 201,210, 220

17, 200, 201

Annexin A2

38.612

31.67

9.33

Involved in cell motility, linkage of membrane associated proteins, organization of
exocytosis of intracellular proteins to extracellular domain

17, 210, 212, 213

Cathepsin D

44.274

37

4.33

Acid protease involved in intracellular protein breakdown

Endoplasmin precursor

92.438

30.67

5

Ezrin

69.362

18

Filamin B

281.02

Fructose-bisphosphate
aldolase A

39.46

GRP 78
Heat Shock Protein 90-alpha
Hemopexin

217

Chaperone molecule important in transporting secreted proteins

17

0.67

Involved in cytoskeletal connections to plasma membrane and the formation of microvilli

217

36.67

10.33

Actin-binding involved in cell motility

45.33

2.33

Involved in glycolysis

72.2204

63.67

8.33

Calcium binding chaperone, assists in protein folding

17

77.168

32.33

7.33

Chaperone molecule involved in cell cycle control and signal transduction

207

51.287

12

2.33

Plasma protein with the highest known binding affinity to heme, acts as an antioxidant to
prevent heme-mediated oxidative stress

221

Lactate dehydrogenase A

36.544

27.33

2.67

Involved in anaerobic glycolysis

Myosin-9

226.199

78.67

0.67

Actin-binding involved in cell motility

48.25

35

1

Serum albumin

68.5419

1673

442.33

Thrombospondin

129.512

4.33

1.33

Mediates cell interactions, involved in antiangiogenesis

200, 207

Transketolase variant

79.917

32.33

7.33

Enzyme in glycolysis pathway

17, 204

Tubulin beta chain

41.697

11.33

2

Vitamin D binding Protein

52.922

42.67

Voltage-dependent anion
channel 2

31.541

7.33

Protein disulfide-isomerase
A6

17
200, 207

200
17, 228

Chaperone molecule involved in platelet aggregation

17

Maintains oncotic pressure, carrier protein of various molecules throughout the body

17

Major constituent of microtubules

17

7.67

Cell surface protein that binds vitamin D and transports to target tissue

221

0.33

Channel forming protein in the outer mitochondrial membrane, allowing anion transport

200

a

All protein identifications were validated with a 5% protein false discovery rate and a 0.9 peptide probability. All proteins were identified by 2 or more
peptides.
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Table 6.3
Protein Identifications Unique to the Cancer Sample That Have Biological Significance to Prostate Cancer.
Proteina

Molecular
Weight (kDa)

Cancer
Norm. SC

Healthy
Norm. SC

Biological Function

Annexin A3

36.179

1.33

0

Inhibits phospholipase A2, anti-coagulant, and potentially an angiogenic
mediator

210, 211

Calreticulin

48.133

8.33

0

A calcium-binding chaperone that interacts with the endoplasmic reticulum
to promote oligomeric assembly and other functions

17, 204,
217

Calnexin

67.543

1.33

0

Calcium-binding protein that plays a major role in retaining misfolded
proteins in the endoplasmic reticulum

17, 228

Cathepsin Z

41.515

2

0

Proteolysis, ubiquitously expressed in tumors, may be involved in
tumorigenesis

200

Ceruloplasmin

122.466

6

0

Copper-binding protein important in transporting iron across cell
membrane

221

Elongation
factor 1 alpha

50.091

35

0

Important role in translation and nuclear exportation of proteins

220, 221

Fibronectin

270.867

2

0

Major role in cell adhesion, growth, migration, and differentiation

221

integrin alpha
V

108.831

3

0

Role in signal transduction, also plays a role in angiogenesis

224

Junction
plakoglobin

81.689

1

0

Role in cell adhesion and cell signaling

Maltaseglucoamylase,
intestinal

209.129

16

0

May play a role in starch metabolism

a

Reference
No.

200, 207
200

All protein identifications were validated with a 5% protein false discovery rate and a 0.9 peptide probability. All proteins were identified by 2 or more
peptides.
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Table 6.4
Proteins Downregulated by >3 fold in Canine Prostate Cancer That Have Biological Significance to Prostate Cancer.
Proteina

Molecular
Weight (kDa)

Cancer
Norm. SC

Healthy
Norm. SC

Collagen alpha
3(VI) chain
precursor

342.435

9.33

83.67

Protein involved in the formation of basement membranes

227

53.27

3.33

10.33

Forms a fibrous networks in striated muscle

228

Filamin A

280.432

10.67

194

Structural protein of cytoskeleton, plays a role in cell signaling

17

Heat Shock
Protein 70

69.874

2.33

16.67

Chaperone protein important in folding of proteins and preventing
aggregation; may play a role in apoptosis

212, 217

Heat Shock
Protein beta-1

22.907

4.67

14.33

Chaperone protein involved in cell development, differentiation, and signal
transduction

17, 201,
228

Desmin

Biological Function

a

Reference
No.

All protein identifications were validated with a 5% protein false discovery rate and a 0.9 peptide probability. All proteins were identified by 2 or more
peptides.
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Table 6.5
Protein Identifications Unique to the Healthy Tissue Sample That Have Biological Significance to Prostate Cancer.
Proteina

Molecular
Weight (kDa)

Cancer
Norm. SC

Intact
Norm. SC

Biological Function

Reference
No.

10 kDa Heat
Shock Protein,
Mitochondrial

12.673

0

6

Important in mitochondrial biogenesis, also plays a role in inhibiting the
immune response.

17

Isoform of
sodium/potassiumtransporting
ATPase alpha-1
chain

112.577

0

7.33

Catalyzes the hydrolysis of ATP coupled with the exchange of sodium
and phosphate ions across the plasma membrane

17

Myosin, light
polypeptide 6

16.932

0

16.33

Non-calcium binding regulatory light chain of myosin

200

a

All protein identifications were validated with a 5% protein false discovery rate and a 0.9 peptide probability. All proteins were identified by 2 or more
peptides.
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Table 6.6
An Analysis of Protein Expression Examining Proteins Previously Identified in Canine Prostate Cancer with Biological
Significance to Disease Progressiona
Protein

Protein
MW (kDA)

Cancer Peptide
IDs

Cancer Normalized
Spectral Ct

Intact Peptide
IDs

Intact Normalized
Spectral Ct

Expression
Difference

Serum Albumin

68.5419

182

1673

129

442.33

3.8

Vimentin
isoform 12

53.547

31

53.33

29

47.33

1.1

Haptoglobin
isoform 2

38.3403

44

91.33

33

32.67

2.8

Serotransferrin
isoform 2
Serotransferrin
isoform 6

78.0375
77.9863

44

88.67

15

23

3.9

GRP 78

72.2204

28

63.67

9

8.33

7.6

Alpha-enolase
isoform 1

48.8274

16

32.33

11

7

4.6

Endoplasmin
Precursor

92.4384

17

30.67

7

5

6.1

a

All protein identifications were previously identified by LeRoy et al. displaying greater than 2.5-fold expression differences between healthy and carcinoma
prostate tissue. All proteins were previously reported for their association with prostate cancer or progression of other types of cancer.21
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Figure 6.1 Trichrome Stain of Canine Prostate Gland Samples.

(A) Atrophied canine

prostate gland, denoted by the angulated glands and lack of cytoplasm. (B) Canine Prostate
Cancer sample, denoted by the proliferation of glandular cells, lacking any organization or
lumens. (C) Healthy canine prostate gland, denoted by nicely defined tubuloalveolar glands.
(D) Canine Benign Hyperplasia Prostate gland, denoted by the presence of organized
tubuloalveolar glands with proliferative cell growth. (E) Canine Prostatitis, denoted by the
abundance of inflammatory cells present.
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CHAPTER 7
CONCLUSIONS
The overall purpose of this work was to develop high efficiency separation techniques to
improve the throughput of MS-based proteomic analysis. These separation techniques were then
applied to the analysis of canine prostate tissue, identifying several proteins that suggest the
canine is a relevant animal model of androgen-insensitive, highly aggressive human prostate
cancer.
In Chapter 3, superficially porous particles were used to improve LC separations and
reduce overall LC-MS experiment time. While these high efficiency particles doubled peak
capacity, protein sequence coverage was diminished due to data-dependent acquisition (DDA)
settings that were not properly set to match narrow chromatographic peak widths. Minimum MS
signal intensity, repeat count, repeat duration and dynamic exclusion were systematically
optimized to match chromatographic widths, allowing for reduction of experiment time without
sacrifice of MS/MS spectra quality. Analysis of an authentic proteomic sample demonstrated the
effectiveness of fast LC separations and optimized DDA settings, as the number of proteins
identified doubled and sequence coverage was improved, with experiment time being reduced by
a factor of 5.
Chapter 4 demonstrates the utility of formic acid and ammonium formate (FA/AF) as a
mobile phase modifier for LC-MS analysis of tryptic digests. This work found FA/AF to be
compatible with electrospray ionization, determining the loss in mass spectrometer signal
intensity was minimal.

FA/AF mobile phases reduced chromatographic peak widths and

improved peak shape, leading to increased peak capacity. We also demonstrated sample load
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tolerance can be significantly improved with FA/AF mobile phases. These improvements in LC
separations lead to increased protein identifications and improved sequence coverage. Analysis
of protein identifications determined FA/AF mobile phases provide improved retention and
separation of basic peptides, and do not impact the charge state of tryptic peptides.
The protein identification efficiency of GeLC separations was analyzed in Chapter 5.
Moderate 1st and 2nd dimension separation efficiency provided the most protein identifications in
this fixed instrument time format. The biggest factor influencing protein identification efficiency
was the percentage of total experiment time dedicated to LC gradient elution conditions. Our
results show gel overlap is widespread and independent of the number of gel slices, thus no
optimal number of slices to collect was determined. The increased depth of proteome analysis
reported with higher numbers of gel slices is due to additional MS analysis time rather than
increased separation efficiency from collecting higher numbers of gel slices. We also conclude
peak capacity is not an appropriate measurement of GeLC separating power. This work also
demonstrates that increased efficiency of MS instrument time can help offset the reduction in LC
peak capacity resulting from reduced LC gradient lengths.
In Chapter 6 the canine prostate was analyzed, and the potential use of an animal model
for human prostate cancer was explored. Protein expression in canine prostate carcinoma tissue
was significantly different than in a healthy prostate gland. Our results suggest the canine can be
a relevant animal model of androgen-insensitive, highly aggressive human prostate cancer. This
proteomic analysis identified numerous proteins that have biological significance to prostate
cancer development and progression. Many of the proteins identified in this work have been
suggested to be therapeutic targets, current targets of anticancer drugs or potential biomarkers.
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