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About the Book

In the last 20 years, the development in the so-called post-genomic tools, such as
proteomics, transcriptomics, or metabolomics, has been immense. They have
allowed important scientific advances in different areas of life sciences, including
animal and veterinary sciences. This book focuses on proteomics and its use in farm
animal research.

The first part of this book introduces and explains in detail the major principles
and techniques associated with proteomics including the differences between
gel-free and gel-based proteomics, as well as the major challenges facing mass
spectrometry and bioinformatics. Furthermore, we provide an insight into how
specific but common problems associated with farm animal samples may be solved.

The second part of the book has a more illustrative nature, highlighting impor-
tant achievements in different areas of research within the animal science. These
include for instance proteomics in blood and associated fluids, skeletal muscle,
wool, mammary gland, colostrum research, and dairy products or proteomics in
adipose and hepatic tissues to name but a few. The overall objective of this part of
the book is to illustrate the importance of using proteomics in farm animal science.

Finally, the book concerns also the uses of other post-genomic tools, namely,
transcriptomics and metabolomics, and how they interact with proteomics in a
systems biology approach.

The entire book has been built around a philosophy that aims to bring novel users
of proteomics into the field and to consider or continue using proteomics in their
research projects dedicated to farm animal and veterinary sciences. Therefore,
concepts and technologies herein described are easy to access and easy to follow
and understand, rendering this book particularly suitable for all members of the
farm animal research community: students, professors, researchers, technicians,
and regulatory bodies.
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Proteomics in Domestic Animals on a Farm
to Systems Biology Perspective:
Introductory Note

André M. de Almeida, Ingrid Miller, and P. David Eckersall

In the post-World War II era and with the objective to increase food production,
particularly in high-value products such as dairy, meat, aquaculture products or
eggs, animal production has become increasingly intensified. Indeed, aiming to
obtain optimal economic results and improvements in genetics/selection, nutrition,
mechanization, management and housing has led animal production and animal
science to what they are today, a highly efficient industry that operates in a global
market where animal products are traded across the globe with major transport and
environmental costs associated.

Over seven decades later, the challenges faced by animal production are enor-
mous. Perhaps the most significant is the increase in world population. From an
estimated 7.6 billion when this book is being written (July 2017), the number of
human beings on planet earth is expected to rise to nearly 10 billion in 2050 and
over 11 billion in 2100 (United Nations World Population Prospects). The main part
of such growth will be in developing and emerging countries, particularly in Asia,
Africa and to a lesser extent Latin America. This implies first of all the need for an
increase in food production such as cereals and other staple foods that, with
economic growth, will be followed by an increasing demand in animal products.
This will in turn cause a demand in feedstuffs (such as cereals and legumes) for
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animal feeding and increased intensification, similarly to that which has happened
in industrialized nations over the last 70 years. Interestingly, in industrialized
countries, the trend will be the opposite, with decreasing populations that will in
turn cause a likely decrease in the food demand, particularly staple foods, while
certain sectors such as organic or certified (PDO, protected designation of origin, or
PGI—protected geographical indication) will increase their proportional impor-
tance. Another equally important challenge is the sustainability of animal produc-
tion. Indeed and in both industrialized and developing countries, the environmental
footprint associated with animal production activities is too big to be sustainable.
These occur in the form of water pollution from large-scale swine, dairy or feedlots,
soybean and corn farming-associated deforestation in tropical countries, high levels
of water consumption, the production of greenhouse gases by cattle and the road/
boat/airfreight transport of animal products (e.g. wool, beef, mutton) or production
factors (soybean, corn, etc.). A third major challenge is related to animal welfare
and the existence and maintenance of current animal production systems. Indeed,
most systems were first developed in the 1950s when animal welfare was not a
major concern of the public opinion. Since then, numerous changes have occurred,
and perhaps the most striking are the production conditions of laying hens that,
upon public opinion and negative press, were banned in the European Union in
2012, are already banned in some American states and will likely be banned in the
majority of the industrialized world. Finally, global warming and the advance of
desertification in certain areas of the globe, such as in California, the Mediterranean
basin, Australia, Chile, Argentina and Southern Africa, will necessarily lead to a
regression in historically important areas for crop and animal production. Further-
more, global warming will likely lead to longer summers and temperature increase
in presently temperate regions, hence creating the conditions for tropical diseases to
move towards the poles. This problem is worsened by the constant flow of people,
animals and animal products across the globe that makes biosecurity law enforce-
ment particularly difficult.

All such challenges will require immediate responses from farmers, consumers,
retail commerce, legislators, animal production technicians and, of course, the
animal and veterinary sciences academic community. Solutions for these problems
or most likely for several combinations of these challenges will have to be pro-
posed, tested and implemented. In the last 20 years, animal production has moved to
a completely different context. Indeed, aspects such as animal selection, reproduc-
tion and physiology have moved from a compartmental perspective to one more
focused on changes at the molecular level that would in turn be related to classical
disciplines. The sequencing of entire genomes (e.g. cattle, chicken, pig or sheep) in
recent years is an impressive landmark for animal science that has opened impor-
tant avenues in the study of animal biology and production. Therefore, in the last
two decades, farm animal science has moved far beyond simple genome sequencing
and gene function. Indeed, the use of post-genomics tools such as the omic sciences
has allowed an unparalleled approach to gene function and consequently an overall
view on how organisms (and in this case farm animal species) work and how they
react to particular conditions. Omics include several subdisciplines. These include
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transcriptomics, proteomics, lipidomics and metabolomics. Each of these subdisci-
plines is dedicated to a particular aspect. For instance, proteomics may be defined as
the science that studies the proteome or the proteins present in a given organelle,
cell, tissue, fluid, organ, organism or population, as well as the post-translational
modifications (PTMs) to which these proteins are subjected to. By analogy other
omics are dedicated to particular classes of compounds: transcriptomics for the
transcriptome or all RNAs in a given organelle, cell, tissue, fluid, organ, organism
or population, lipidomics for the lipids and metabolomics for the metabolites. Life
science studies frequently involve a multi-omics approach, frequently defined as
the systems biology approach.

Being in their vast majority proteinaceous material of great value in human
nutrition and other uses, farm animal products such as dairy, meat, eggs, wool and
honey have an enormous potential to be analysed using proteomics in order to
provide greater insight and understanding of their highly complex roles in vivo and
as they are processed postharvest. This discipline is, in the opinion of the authors of
this book, the most significant of the post-genomics tools, particularly in the context
of animal science. Indeed, the protein synthetic process underlies all of the impor-
tant aspects of animal growth and production, and therefore the potential for
proteomics is enormous. However, the value of proteomics in animal sciences is
not restricted to product and production issues. Proteins are the key to understand-
ing biological processes in cells and tissues, being vital to most cellular functions
but also having essential roles in the extracellular compartments. Using proteomics
to identify and quantify protein changes, interactions and modifications will
become an ever more essential tool to use in the study of the physiology and
pathophysiology of farm animals.

Proteomics itself has also made impressive advances in the last two decades.
Initial proteomics approaches were conducted essentially using two-dimensional
electrophoresis, in the beginning, and also lacking methods for protein identifica-
tion, until mass spectrometry gained importance through increased sensitivity and
protein validation methods like Western blot were developed. Today’s proteomics
is more often based on the mass spectrometric approaches for both protein identi-
fication and quantitation, in many cases combined with previous liquid chromato-
graphic or other sample pre-fractionation steps. In recent years validation has also
moved from the classical molecular methods to mass spectrometry-based methods,
provided that protein databases are extensive and of good quality. Gel-free
methods, once set up, are easy to implement and tend to work very well for the
majority of biological samples arising from studies with farm animals and have the
benefit of high degree of automation and throughput. However, the instrumentation
for such studies is extremely expensive and difficult to implement and requires
ever-growing costs, normally not compatible with traditionally small budgets such
as those of animal and veterinary sciences. Gel-based proteomics is less cost-
intensive, though with lower throughput and often needs a higher input of practical
skills and method optimization. It is still one of the most important tools in farm
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animal proteomics. In practice, results of both approaches have proven to be
complementary, leading to different sets of target proteins, and their combination
is frequently suggested as leading to the best results, particularly in poorly studied
organisms. Finally, the combination of proteomics with other post-genomic tools,
particularly transcriptomics and metabolomics, in the so-called systems biology
approach is taking animal and veterinary sciences to a completely new level.

The importance of proteomics and other post-genomics tools in animal sciences
has been recognized by the academic community, funding bodies and specialized
scientific publications. The use of proteomics has numerous benefits in this field of
research and in certain areas such as dairy science, meat science, lactation biology
and wool and fibre production, to name but a few; such benefits are particularly
important. They include, for instance, animal adaptation to nutritional changes,
product characterization and certification and animal welfare monitoring.

The use of proteomics in animal sciences is the subject of this book. We have
edited it with two major goals: (1) to initiate scientists that have never or have rarely
used proteomics to the field and (2) to illustrate the benefits and potential for
proteomics approaches to specific areas of animal science. A third goal, about
interaction of proteomics with other post-genomics tools, specifically
transcriptomics and metabolomics, has also been included as the combination of
omic technologies and is likely to have major contributions in the not too distant
future. Consequently, the initial chapters of this book are focused on methodology
aspects and on the different approaches in farm animal proteomics studies. We
provide an emphasis on the gel-based and gel-free dichotomy, sample preparation
and basics on the use of mass spectrometry for proteomics studies. These technical
chapters were written by experts in protein science and mass spectrometry, not
necessarily working specifically in animal science. They have however an impor-
tant connection to the field, being aware of specificities of animal science that make
it very different from other sciences where proteomics is widely used, like plant
sciences or cancer research. These more technical chapters are followed by a set of
chapters that address the importance of proteomics in specific fields. Chapters on
adipose tissue proteomics, aquaculture proteomics, mammary gland proteomics,
muscle and meat proteomics, liver proteomics, blood and derived fluids proteomics
or colostrum proteomics are included in this part of the book. These chapters were
written by animal and veterinary science researchers that have for long used
proteomics and have become experts in these specific areas. After this section, we
continue the book with two chapters on proteomics-associated post-genomics tools,
specifically transcriptomics and metabolomics (NMR—nucleic magnetic reso-
nance based) and how they interact with proteomics. Finally, though before the
conclusions, we end the book with a specific chapter on the interaction of the
different omics in a systems biology perspective.

We hope that this book will become an important international source of
proteomics literature and inspiration for animal scientists in the years to come.
Above all we trust that this book will encourage our fellow animal and veterinary
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scientists to adopt proteomics as a research discipline and will finally use it in the
framework of their research projects.

Lisbon, Vienna and Zagreb, 1st of August 2017

André M. de Almeida

Ingrid Miller

David Eckersall



Considerations for Farm Animal Proteomic
Experiments: An Introductory View Gel-Based
Versus Non-gel-Based Approaches

John D. Lippolis and Jarlath E. Nally

Abstract Preparing for a proteomic experiment will require a number of important
decisions. Because of the complexity of most samples, one of the first important
decisions is how to separate proteins prior to analysis by the mass spectrometer.
There are two basic approaches; the first approach is gel-based electrophoresis that
typically separate proteins based on molecular weight and/or isoelectric point. The
second approach is non-gel-based or liquid chromatography that typically separates
peptides based on hydrophobicity. We discuss some of the pros and cons of each
separation method to allow the proper alignment of research objectives and scien-
tific methodologies.

1 Introduction

Proteomics includes the identification and characterization of the protein content
from complex biological samples. Although the bovine and human genomes con-
tain more than 20,000 genes, they likely encode as many as a million distinct
proteins due to alternative gene splicing and posttranslational modifications (Elsik
et al. 2009; Kelemen et al. 2013; Yang et al. 2016). Such biological complexity
illustrates why there is no single standard analytical method for preparing protein
samples for a proteomic experiment. The choice of analytical methods will depend
on the specific experimental question, the type of sample for analysis, and meth-
odologies available. Analytical methods can be used independently or as comple-
mentary approaches used in tandem. There are three basic steps to a proteomic
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experiment; the first is sample preparation, then sample separation prior to mass
spectrometry, and, finally, protein detection and identification. The objective of this
chapter is to provide researchers who are planning proteomic experiments insight
into the basic considerations necessary to achieve their desired scientific outcomes.
We will discuss the reasons why sample preparation is critical to a successful
proteomic experiment. In addition, we will explain when protein separation pro-
tocols are necessary and help readers understand the pros and cons of gel-based
versus gel-free separation as they determine the best application for their unique
circumstances.

1.1 Sample Preparation

In proteomics, sample preparation is critical. The number of proteins identified, and
confidence in the data, depends on the quality and complexity of starting material
(Bodzon-Kulakowska et al. 2007). Careful attention to possible sources of contam-
ination is important prior to a successful proteomic experiment. For example, an
experiment to define the proteome of a bacterium such as Escherichia coli grown in
a simple culture media might comprise preparation as straightforward as multiple
rounds of centrifugation and washing to remove media components. In contrast,
analyses of protein expression by E. coli when grown in a complex biological fluid,
such as milk during bovine mastitis, will require protocols to first enrich for proteins
of E. coli and eliminate as much contaminating milk protein as possible (Lippolis
et al. 2009). Failure to eliminate contaminants will result in an experiment in which
the primary goal of identifying bacterial proteins is compromised by the identifi-
cation of milk proteins.

Proteomic experiments that use tissues are more complex compared to those that
use single cells. If a sample is a tissue, size and location of the samples are
important considerations to allow for a representative and consistent mixture of
cell types. Careful attention to possible sources of variation is important to identify
and control.

Protein sample preparation may also include various specific isolation or
enrichment techniques that utilize physical characteristics of the protein or pep-
tides. For example, the isolation and identification of major histocompatibility
complex (MHC)-associated peptides can illustrate this idea (Hunt et al. 1992;
Lippolis et al. 2002). MHC molecules are cell surface proteins that combine with
peptides derived from intracellular protein degradation. The combination of the
MHC and peptide fragments allows the immune system to survey intracellular
proteins and detect foreign proteins. To isolate MHC-associated peptides, cell
lysates are incubated with an MHC-specific antibody bound to protein A
sepharose beads. The antibody bound to beads allows for the MHC/peptide
complex to be separated from other proteins in the cell lysate by centrifugation
and multiple washing steps. The peptides are then separated from the antibody and
MHC complex by a simple size exclusion filter. The result is a clean sample of a
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complex mixture of peptides (thought to be as many as 10,000 unique peptides)
that were bound to MHC molecules.

Another important tool in sample preparation is the depletion of highly abundant
proteins. In plasma, ten proteins make up approximately 90% of the total protein
(Cho 2007). If nothing is done to reduce the levels of those abundant proteins, the
number of proteins identified in that sample will be relatively few. Techniques such
as N-linked glycopeptide enrichment, cysteinyl-peptide enrichment, size fraction-
ation, combinatorial hexapeptide libraries, and immunoaffinity column depletion of
abundant serum proteins can be used to enrich for proteins of interest (Whiteaker
et al. 2007; Bandow 2010).

Finally, meaningful proteomic experiments must be based on consistent sample
preparation techniques. Therefore, preliminary experiments to demonstrate repro-
ducible protein isolation and preparation are critical to subsequent experimental
success. For example, analyses of sample preparations by SDS-PAGE to ensure an
absence of protein degradation due to experimental artifact or protease contamina-
tion can be an important step to ensure a successful experiment.

1.2 Why Sample Separation Prior to Mass Spectrometry Is
Necessary

A proteomic study typically requires that complex biological samples be subjected
to some type of protein or peptide separation, which also serves to improve mass
spectrometry function. Mass spectrometers can efficiently obtain sequence infor-
mation from peptides up to ~20 amino acids long (Steen and Mann 2004). For this
reason, most proteomic experiments use a “bottom-up” approach whereby the
protein mixture is first digested with a protease (e.g., trypsin) to generate such
peptides. However, the digestion of thousands of proteins results in potentially
millions of peptides. The first step of peptide identification begins when ionized
peptides enter the mass spectrometer, and the mass-to-charge ratio of all the
peptides is determined in what is referred to as the MS scan. The mass spectrometer
will sequentially isolate the most abundant ions and individually fragment them.
The mass-to-charge ratio of the resulting peptide fragments is then obtained
(MSMS scan). It is from the daughter ions that computer algorithms predict the
peptide sequence and identify the parent protein. After multiple MSMS scans, an
MS scan reexamines the input sample to determine the next set of most abundant
ions. An ion exclusion list ensures that the mass spectrometer does not isolate the
most abundant ion repeatedly. This cycle is repeated throughout the mass spec-
trometer analytical run.

If the protein sample was obtained from a single spot excised from a
two-dimensional (2-D) polyacrylamide gel, the number of proteins will likely be
small and relatively few peptides generated. In this case, the mass spectrometer can
sequence all the abundant ions and many of the less abundant ions, for not all
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peptides will ionize equally. The end result will be a large number of peptide
sequences identified for each protein in the sample preparation. The greater the
coverage of the protein identified, the greater the confidence in the identification of
the protein. In contrast, if a more complex proteome sample is digested and peptides
are minimally fractionated before ionization and entry into the mass spectrometer,
then thousands of ions would be identified in each MS scan. In this case, the cycle of
MS and MSMS scans would only analyze a small fraction of the total ions and only
the most abundant. Thus, complexity and dynamic range of a sample will limit
results to the most abundant and fail to identify low abundance proteins of interest
(Huber et al. 2003; Brunet et al. 2003; Reinhardt and Lippolis 2006; Zolotarjova
et al. 2008). Hence, sample separation prior to MS allows the user to control the
number of ions entering the mass spectrometer at any given time and provides the
instrument the necessary time to analyze all potential peptide ions.

Proteomic experiments can range from the quantification of hundreds of specific
proteins to the identification of thousands of unknown proteins. The most basic is to
determine the identity of all proteins that exist in a sample. This experimental
approach is typically referred to as shotgun proteomics, whereby proteins are
identified in a random manner and often without any preexisting knowledge of
protein content. As discussed above, significant limitations in analyzing a complex
proteome include the number of proteins in the sample and the dynamic range of the
proteins in the mixture. Some proteomes can be dominated by a small number of
very abundant proteins. For example, nearly half of all protein in plasma is albumin,
and nearly 90% of the complete protein content comprises only ten proteins (Cho
2007). Differences in protein amounts in a complex proteome between the highly
abundant and lesser abundant proteins can be greater than seven orders of magni-
tude (Stasyk and Huber 2004). Without separation of protein samples into fractions,
the mass spectrometry will primarily identify the abundant proteins and few, if any,
of the less abundant proteins.

The power of shotgun proteomics is exemplified by experiments that aim to
identify the complete proteome of an organism. In 2014, two groups of researchers
presented their work to define the human proteome (Kim et al. 2014; Wilhelm et al.
2014). One group reported detection of 84% of the approximately 21,000 protein-
coding genes in humans (Kim et al. 2014). This was achieved by extracting proteins
from 30 different human tissue or primary cell types. Protein samples were initially
separated in SDS-PAGE gels, and each lane of the gel was cut into multiple gel
slices. Proteins contained in gel slices were digested with trypsin and peptides
extracted from the each gel slice for separation on a reverse-phase HPLC column
directly connected to a mass spectrometer (LC-MS/MS). The result of this work
was approximately 25 million high-resolution mass spectra acquired from more
than 2000 LC-MS/MS runs. The run time for a single LC-MS/MS would be
approximately 2 h; thus, the total run time of this experiment is nearly 6 months
of uninterrupted mass spectrometer time. Although 84% of predicted proteins were
identified, it was not reported how many of these proteins were identified by the
presence of a single peptide. Proteins identified, or quantified, using a single peptide
are typically done so with much less confidence than multiple peptides. Perhaps,
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more importantly, it also makes it difficult to determine the biological significance
of such identifications.

1.3 Which Sample Separation Is Best?

The choice of method of sample separation is based on the experimental goals, the
expectations of the data, and the resources available (Monteoliva and Albar 2004;
Baggerman et al. 2005; Jafari et al. 2012; Abdallah et al. 2012). There are two major
types of sample separation techniques used in proteomic experiments. The first is
gel-based separation, which is typically two-dimensional gel electrophoresis. The
second type of sample separation is non-gel based or various forms of liquid
chromatography. Details about gel-based and non-gel-based separation techniques
will be detailed in subsequent chapters in this book. However, we will briefly detail
the pros and cons of each type of sample separation technique (Fig. 1).

Type of Proteomics
GEL BASED Experiment NON-GEL BASED

Survey of Proteome

Differentially
Expressed Proteins

‘Lun.mll.d... ke o

Biomarker Discovery

1318

Post-Translational
Modifications

111

Advantages: Advantages:

* Visual assessment Shotgun proteomics

* Characterize protein isoforms including High sensitivity
molecular mass, isoelectric point, and Ease of use & repeatability
post-translational modifications Coupled to MS

* Transfer to solid matrix to probe with Choice of fractionation
ligand of choice Large data sets

* DIGE analysis of two or more samples Intact mass proteomics
simultaneously

Disadvantages:

Disadvantages: ¢ Expense
 Lacks sensitivity to detect low ¢ Determination of post-
abundance proteins translational modification is
* Gel to gel variation difficult

* Analysis of highly acidic/basic proteins

Fig.1 Advantages and disadvantages of gel based and non-gel based proteomic experiments
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1.4 Gel-Based Proteomics

Since individual proteins can be differentiated by their respective isoelectric point
(pl) and molecular mass, the use of gel-based approaches provides a powerful
method to separate complex protein samples. In 2-D gel electrophoresis, protein
samples are solubilized prior to separation on immobilized pH gradients (IPG) in
the first dimension, according to p/, and in the second dimension by sodium dodecyl
sulfate polyacrylamide gels (SDS-PAGE) according to molecular mass. Highly
resolved proteins can then be detected on protein gels with an array of protein
stains. Proteins of interest can then be excised, digested, and identified by mass
spectrometry.

Advantages of gel-based proteomics include the ability to obtain highly resolved
individual protein spots from complex samples since IPG strips now come in
lengths of up to 24 cm with increasingly more defined pH gradients. Mass spec-
trometry data of excised protein spots can then be correlated to the identity of
specific protein isoforms, e.g., the identification of posttranslational modifications
(Witchell et al. 2014). Methodologies exist to allow direct gel-to-gel comparisons
to quantitate differential protein expression between samples, e.g., 2-D DIGE
(Schuller et al. 2015). The separation of proteins of a gel-based platform also
allows for their transfer to membranes for more defined experimental questions,
e.g., to identify protein antigens that react with convalescent sera (Nally et al. 2005;
Monahan et al. 2008) or to identify proteins reactive with a defined ligand.
Conversely, the separation of proteins is often considered laborious and more of
an art form. Finally, membrane-associated proteins can be difficult to solubilize
prior to separation, so an appropriate zwitterionic detergent should be used (Nally
et al. 2005).

1.5 Non-gel-Based Proteomics

Liquid chromatography has a long history of use to separate proteins and peptides
based on various physical properties. With the advent of electrospray ionization
(ESI), the ability to directly link chromatography to mass spectrometry has made
this method especially convenient, reproducible, and powerful. The advantage of a
non-gel approach for proteomics is the ease of sample separation techniques. Once
proteins are solubilized and digested with trypsin, the separation techniques are
straightforward and very reproducible. However, the more complex the proteome,
the greater separation that will be needed to get the depth of coverage desired. One
option is the use of very long HPLC columns. A typical HPLC column connected to
a mass spectrometer is 10 cm long. Some investigators have used 50 cm columns
with shallow gradients to obtain single runs that achieve near complete coverage of
a yeast proteome (Nagaraj et al. 2012). Alternatively, biphasic columns can be used
that combine two HPLC packing materials into one column. The most common
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HPLC is the use of strong-cation exchange (SCX) beads packed in front of a typical
reverse-phase (RP) packing material. A sample is injected onto the SCX, and
subsequent injections of increasingly concentrated salt solutions move a fraction
of the peptides from the SCX matrix to the RP matrix. In between each salt
injection, a normal RP HPLC gradient is run to separate and analyze the peptides
bound to the RP matrix. This multidimensional protein identification technology
approach is called MudPit (Washburn et al. 2001). Very long columns or MudPit
proteomic experiments can identify thousands of proteins in a sample. In addition,
liquid chromatography is compatible with methodologies that give quantitative
information [e.g., amine-reactive isobaric tagging reagents (Ross et al. 2004)].

Subsequent to the shotgun approach described above is the possibility of specific
examination of protein quantification by mass spectrometry. Once proteins are
identified, specific peptides from each protein can be used as markers for that
peptide. A mass spectrometer can then be programmed to identify only those
peptides specified using the peptide’s mass-to-charge ratio (m/z). In this technique,
referred to as selected reaction monitoring (SRM) or multiple reaction monitoring
(MRM), specific peptides can be easily isolated, identified, and quantified. This
technique can examine and quantify approximately 500 peptides, or 125 proteins,
per MRM experiment (Shi et al. 2016). MRM experiments require significant assay
development time.

As previously mentioned, the process to digest proteins with a specific protease
for analysis by mass spectrometry is referred to as bottom-up proteomics. In
contrast, top-down proteomics is the analysis of whole proteins or protein com-
plexes by mass spectrometry (Han et al. 2008; Toby et al. 2016). Top-down
proteomics requires high-resolution instruments to accurately evaluate and distin-
guish whole proteins. Constant innovation and improvement to mass spectrometers
is making top-down proteomics more accessible. Top-down techniques have been
used to determine the molecular weight of intact proteins (Nally et al. 2005).
However, significant work is needed in the field before quantitation of whole
proteomes can be analyzed by top-down methods.

The disadvantage of the non-gel-based approach is that when a proteome is
digested, specific peptides of interest can get lost in the complex mixture of
thousands of peptides. A proteome of potentially tens of thousands of proteins
digested into millions of peptides with expression differences that can be seven
orders of magnitude makes identification of this complex mixture difficult.

1.6 Protein Detection and Identification by Mass
Spectrometry

Ionization of peptides is the first step in mass spectrometry. The two most fre-
quently used ionization methods are electrospray ionization (ESI) and matrix-
assisted laser desorption/ionization (MALDI) (Yates 1998). ESI is most common
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Fig. 2 Peptide ionization methods used in proteomic experiments

because it can be linked directly to a nanoliter per minute HPLC system. Peptides in
volatile HPLC solutions are protonated with an acid and sprayed toward the mass
spectrometer entry through a small emitter (~3 pm inner diameter). Charged
peptides can enter and be manipulated by the mass spectrometer. MALDI requires
the mixing of the peptide with a UV-absorbing molecule and the formation of
crystals. A laser is used to strike the crystalline structures resulting in the sublima-
tion of the matrix and the ionization and release of the associated peptides. At this
point, the charged peptides can enter and be manipulated by the mass spectrometer.
The key difference between the two ionization methods is that MALDI used a static
sample. Therefore, the sample to be analyzed by MALDI-MS needs to contain only
a few proteins. MALDI-MS is typically associated with the analysis of protein spots
from a 2-D gel. The advantage of MALDI-MS is a relatively easy and fast analysis
of sample. Conversely, ESI-MS can be used to identify thousands of proteins in a
single sample. The quality and quantity of data obtained in an ESI-MS experiment
will depend on the ability to separate peptides in the HPLC to allow the mass
spectrometer the time necessary to isolate and fragment each peptide in the mixture
(Fig. 2).

1.7 Conclusions

The type of proteomic research question will often determine the type of protein
separation suited for the experiment. In addition, the choice between gel and
gel-free protein separation in a proteomic experiment may simply be a matter of
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preference, convenience, or the possession of specific equipment or mass spec-
trometer. One laboratory may possess and have the necessary skills with HPLC
equipment, whereas another laboratory may prefer working with 2-D gel equip-
ment. Each type of protein separation can be used independently or in combination.
In most cases, some sort of protein or peptide separation is necessary to achieve the
goals of a proteomic experiment. Careful consideration of the strengths of each type
of separation and how they align with project goals prior to the experiment will help
to ensure a successful outcome.
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Quantitative Gel Electrophoresis

Victoria J. Mansour and Jens R. Coorssen

Abstract Gel electrophoresis is the most widely used technique for the analysis of
protein samples, and there are a variety of methods that can be used to investigate
single proteins as well as highly complex protein mixtures. To ensure reproducible
and reliable separations of such samples and the resolution of distinct protein species,
there has been a substantial amount of research dedicated to optimising methods to
the refined techniques available today. There are thus a number of factors that have a
marked influence on the practice of quantitative proteomics. The procedures and
reagents involved in preparing a protein sample can have a significant effect on the
composition of the proteome and/or its resolution by electrophoresis. Furthermore,
since most proteins are colourless, a protein stain is required to detect the resolved
proteome; thus, it is essential that the characteristics of the stain enable optimal
detection regardless of protein type and/or concentration. Notably, to obtain reliable
quantitative data, the approach by which images are acquired is equally important.

Keywords Gel electrophoresis ¢ Protein stain  Fluorescence * Sample preparation
 Quantitative analysis ¢ Protein detection ¢« Deep imaging « 1D/2D/3D gel
electrophoresis
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CBB Coomassie brilliant blue

CHAPS  3-[(3-cholamidopropyl)dimethylammonio]-1-propane sulfonate
DIGE Difference gel electrophoresis

DNA Deoxyribonucleic acid

DTT Dithiothreitol

LLD Lowest limit of detection
LDR Linear dynamic range
IEF Isoelectric focussing
1PV Inter-protein variability
IRF Infrared fluorescence
MS Mass spectrometry

MW Molecular weight

NCCB  Neuhoff colloidal Coomassie brilliant blue
PAGE Polyacrylamide gel electrophoresis

RNA Ribonucleic acid

SDS Sodium dodecyl sulphate

SR SYPRO Ruby

TBP Tributyl phosphine

1 Introduction

The cell is the basic structural, functional and biological unit for all known organisms.
They are composed of a variety of biomolecules such as deoxyribonucleic acid
(DNA), ribonucleic acid (RNA), proteins, carbohydrates, lipids and their metabolites.
DNA carries the primary genetic code, and when transcribed into RNA, this code can
then be translated to produce proteins; thus, changes to DNA and/or RNA can result in
protein variations. As proteins are fundamental functional units, they are involved in
a myriad of biological processes ranging from the transport of molecules across cell
membranes to metabolism and cell signalling. This vast array of functions is further
modulated by a large variety of post-translational modifications that further fine-tune
the functions and localisations of these proteins. Thus, proteoforms or protein species
(i.e. splice and post-translational variants, isoforms, and mutants) largely account for
all the physiological (dys)functions that underlie healthy and disease phenotypes.
The entire complement of proteins expressed by a genome in a given biological
sample, whether it be a whole organism, tissue, fluid, cell or organelle, was originally
referred to as the proteome, a term introduced by Marc Wilkins in 1994 at the 2D
electrophoresis meeting held in Siena, Italy. Changes to the proteome can be elicited
in response to a vast range of external and internal stimuli and can include increased
and/or decreased abundance of existing proteins, expression of additional proteins
and/or cessation of specific proteins, as well as the introduction of post-translational
modifications. Thus, proteomes are orders of magnitude more complex than
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genomes, and most proteoforms cannot be ‘predicted’ from DNA or RNA sequence
information. Thus, the term proteome has come to more realistically mean the full
complement of proteoforms present in a given sample. Thus, to comprehensively
study proteomes, a variety of techniques are employed—gel electrophoresis, mass
spectrometry, liquid chromatography, X-ray crystallography, confocal microscopy
and protein/antibody arrays—to understand the breadth of protein structure and
function which is now more widely referred to as proteomics. Here we focus on
sample preparation, gel-based separation and in-gel detection methods that facilitate
the delivery of reliable quantifiable data.

2 Protein Sample Preparation

Before a proteome can be most effectively investigated, appropriate preparation
techniques must be applied. These include sampling, sample handling, extraction
and potential fractionation methods, and their use is highly dependent on the
sample type and/or the research objective and may thus include approaches to
simplify overall sample complexity as well as enhance detection of extremely
low-abundance proteoforms (Coorssen and Yergey 2015). Since even a single cell
consists of a complex assortment of proteoforms, it is critical that the buffers/
solutions used ensure complete solubilisation of all species so as to ensure as
complete an assessment of a proteome as possible (Mansour née Gauci et al.
2016). The most important features for an efficient solubilisation buffer are:

e A chaotropic agent to disrupt the non-covalent forces promoting protein sec-
ondary, tertiary and quaternary structures

* A detergent to promote solubilisation of the hydrophobic regions of proteins

» A reducing agent to prevent covalent bond formation between cysteine residues

If all these features are utilised, there is a much improved likelihood of analysing
all the protein species within a given sample.

For gel-based proteomics, the Laemmli buffer system is commonly used for
one-dimensional electrophoresis (1DE), utilising sodium dodecyl sulphate (SDS)
as the detergent which, when used in combination with heat, generally ensures
complete protein denaturation (Laemmli 1970; Cannon-Carlson and Tang 1997).
For two-dimensional electrophoresis (2DE), the original buffer system introduced
in 1975 (O’Farrel 1975) has undergone a number of significant improvements,
all resulting in better protein solubilisation. These have mainly included substitut-
ing Nonidet P-40 with the zwitterionic detergent 3-[(3-cholamidopropyl)
dimethylammonio]-1-propane sulfonate (CHAPS) and the inclusion of tributyl
phosphine (TBP) and thiourea to complement p-mercaptoethanol/dithiothreitol
(DTT) and urea (Perdew et al. 1983; Rabilloud 1998; Rabilloud et al. 1997,
Herbert et al. 1998).

The method used for protein extraction can also have a considerable impact on
the efficacy of solubilisation and thus proteome assessment. Conventional manual
methods of homogenisation have been shown to be somewhat heterogeneous in
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effect (Butt and Coorssen 2005b). This was overcome using automated frozen
disruption, yielding more uniform homogenisation, with the frozen powdered
sample providing greater surface area for protein solubilisation and thus improving
overall protein yield (Butt and Coorssen 2005b). The additional benefits to this
homogenisation method are that proteoform integrity is not compromised as the
sample is kept at colder temperatures and its application isn’t limited by the sample
type (Butt and Coorssen 2005b; Gauci et al. 2013; Partridge et al. 2016).

As mentioned above, a single cell presents a complex variety of proteoforms of
widely varying abundance; thus, complexity is markedly increased when working
with samples from multicellular organisms. Although the means by which prote-
ome accessibility and solubilisation are achieved is important, this complexity
poses further complications for gel electrophoresis, or indeed any available analyt-
ical method. The most common approach to overcome this is to pre-fractionate the
protein sample prior to analysis by 1DE, 2DE and/or mass spectrometry (MS),
which can be done by either physical or chemical means. Methods used for
pre-fractionation include:

» Centrifugation

— Ultracentrifugation to produce total membrane and soluble fractions (Pasquali
et al. 1997; Molloy et al. 2000; Butt and Coorssen 2005b; Butt et al. 2006)

— Differential detergent or density gradient fractionation to isolate subcellular
fractions (Hurkman and Tanaka 1986; Fialka et al. 1997; Ramsby et al. 1994,
Molloy et al. 1998; Bernocco et al. 2008; Volkl et al. 1997)

— ProteoMiner™ or equaliser beads to selectively bind proteins that are then
collected by centrifugation (Thulasiraman et al. 2005; Boschetti and Righetti
2008; Castagna et al. 2005)

¢ Solvent extraction of hydrophobic proteins (Molloy et al. 1999; Ferro et al.
2000; Schroder and Hasilik 2006)

— Isolating subgroups of membrane proteins (Pasquali et al. 1997; Taylor et al.
1997; Molloy et al. 2000; Pedersen et al. 2003)

¢ Chromatography to enrich or deplete specific types of proteins (Fountoulakis
et al. 1999a,b; Wissing et al. 2000; Ghosh et al. 2004; Smith et al. 2004; Larsen
et al. 2005; Wang et al. 2003; Wasinger et al. 2005; Shen et al. 2005)

 Electrophoretic separation of proteins (Hannig 1978; Corthals et al. 1997; Volkl
et al. 1997; Herbert and Righetti 2000; Gorg et al. 2002)

Determining the most appropriate protein sample preparation methods to use
will not only depend on the research objective but the benefits and/or disadvantages
of the method(s) selected (Coorssen and Yergey 2015).
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3 Gel-Based Resolving Technologies

Most simply, electrophoresis involves the separation (i.e. resolution) of a mixture of
molecules in an electric field. The means by which these molecules migrate
depends on their charge and molecular weight (MW). Thus, those proteins with a
negative charge will move away from the cathode (—) and towards the anode (+),
and those of high MW will migrate more slowly than lower MW molecules.
However, depending on the protein and gel preparation and the electrophoresis
conditions, the migration patterns can be ‘tuned’ with some selectivity.

A variety of mediums (e.g. cellulose acetate and filter strips, agarose, agar and
starch gels) were initially used to resolve protein samples by electrophoresis, but it
wasn’t until the late 1950s that polyacrylamide gels became the preferred medium
(Raymond and Weintraub 1959; Raymond and Wang 1960; Chrambach and
Rodbard 1971, 1972). This gel matrix has a number of superior qualities such as
reproducible pore formation; pore size can be small or large depending on acryl-
amide concentration, and once polymerised, it is transparent, stable, flexible and
insoluble (and non-toxic). After widespread acceptance of polyacrylamide as the
standard electrophoresis medium came the development of SDS-polyacrylamide
gel electrophoresis (PAGE) or more commonly referred to as 1DE (Laemmli 1970;
Cannon-Carlson and Tang 1997). By incorporating SDS into the protein prepara-
tion buffer, electrophoresis buffer and gel matrix polypeptides were maintained as
single linear molecules. Also, as SDS conveys an overall negative charge, it pro-
motes unidirectional movement towards the anode, and the MW for any polypep-
tide can be estimated with good reproducibility (Weber and Osborn 1969; Poduslo
and Rodbard 1980). The Laemmli buffer system is highly efficient for the resolu-
tion of most proteins, except those with a molecular weight below ~10 kilodaltons
(Schigger and von Jagow 1987). This is because it uses glycine as the trailing ion
which migrates slowly during stacking and doesn’t allow for small polypeptides to
be resolved from the SDS zone (Schigger and von Jagow 1987). To overcome this,
glycine was replaced by tricine and the sieving properties of the acrylamide gel
adjusted enabling proteins of 1-100 kilodaltons to be highly resolved from the SDS
zone (Schigger and von Jagow 1987).

While 1DE can be efficient at resolving proteins across a range of MWs, these
are denaturing strategies that disrupt native protei