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Preface

In the past decade the field of proteomics has expanded from a highly technical
endeavor requiring dedicated practitioners to being widely utilized by researchers of
diverse backgrounds for solving complex problems in biology. The approach is used
broadly to complement basic molecular and biochemical research and encompasses
basic protein identification, functional characterization, comparative approaches and
large-scale analyses. During this period, technical improvements (e.g., increased
sensitivity, speed, mass accuracy, dynamic range) in mass spectrometric
instrumentation provided a solid foundation for proteomic applications outlined in
this collection.

This book is divided into four sections and is an interesting overview of the diversity
and breadth of proteomic applications in biology. This is highlighted by the wide
range of plant, animal and microbial species that are presented throughout the
contents of this volume. Especially interesting are the variety of proteomic methods
and analytical strategies employed by biological researchers. The technical side of
proteomics has witnessed enormous changes in sample analysis strategies with many
advanced users adopting ‘shotgun’ approaches for protein identification and
quantification. In contrast, many of the studies outlined in this book employ
established, but still powerful, two-dimensional gel electrophoresis strategies to array
samples prior to protein identification and/or quantification. The advantages of such a
visual media for assessment prior to identification are that they are useful and
productive when access to high-end mass spectrometers is limited.

The first section of this book outlines the utilization of proteomics to address issues in
agriculture. The increased pressure on food production in the coming decades due to
expanding populations and the effects of climate change will require major re-
assessments of how food is produced. It is extremely likely that proteomic approaches
in combination with other analysis techniques will play an important role in the
adaptation of this industry through agricultural research. The chapters outlined in this
section cover the utilization and application of proteomics to assess the effects of
unintended post-translational modifications on food-derived proteins, an overview of
approaches and techniques to examine proteins from fruit, and the use of proteomic
techniques to understand viral pathogenesis in cattle.
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Preface

The second section focuses on the emerging role of metaproteomics to characterize
and profile microbes and microbial communities. The majority of the Earth’s biomass
is comprised of microorganisms, many of which play essential roles in recycling
elements such as carbon and nitrogen. While our knowledge of these complex
communities is still very limited, recent advances in sequencing technologies, and now
proteomics, enable detailed examination of these interesting populations. This section
provides an overview of current proteomic approaches and methods being used to
study microbial communities, demonstrating the utilization of these approaches to
characterize a cold tolerant bacterial strain from the Antarctic.

The third section addresses the utilization of proteomics to study fundamental
processes in plants. The development of novel approaches and processes using
proteomics can be a direct driver for applications in other areas of biology and applied
research. This section highlights the specific issues associated with undertaking
proteomic analyses in plant biology, demonstrates and assesses its use in
understanding the complex process of plant cell wall biosynthesis through a targeted
characterization of xylan biosynthesis using multiple approaches by mass
spectrometry and finally provides an overview of the subcellular isolation and
proteomic characterization of the Golgi apparatus from plants and other species.

The final section highlights the use of comparative proteomics in biology to
understand complex systems. One of the most significant contributions to the field of
proteomics has been the development of reliable and reproducible quantitation
techniques enabling comparative profiling of samples to be undertaken. This section
examines the use of proteomics to identify protein markers to differentiate commercial
tuna species, to identify proteins involved in pH adaptation in yeast strains, the
characterization and identification of proteins in snake venom and lastly, the
identification and characterization of a protein from onion involved in floral bolting.

Collectively these chapters outline studies and overviews that employ a wide variety
of proteomic applications in biology. These approaches display extensive technical
diversity and contrast the use of proteomics from the community level to the
individual protein and together highlight the varied ways in which proteomics is
being used to expand our understanding of biological systems.

Dr. Joshua L. Heazlewood

and Dr. Christopher J. Petzold

Joint BioEnergy Institute and Physical Biosciences Division
Lawrence Berkeley National Laboratory

Berkeley California,

USA
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Food Proteomics: Mapping Modifications
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1Food & Bio-Based Products, AgResearch Lincoln Research Centre
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3Riddet Institute at Massey University, Palmerston North
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1. Introduction

Proteins are an essential element in the human diet. As food ingredients, they are primarily
sourced from plants and animals; important sources include cereals, meat, poultry, fish and
dairy. Proteomics offers a powerful new way to characterise the protein component of foods.
Proteomics not only reveals which proteins are expressed in each tissue type, it also allows the
investigation of differences in the protein composition of different tissues. In addition it has
the power to track the proteome of tissues before and after harvest/slaughter, and to evaluate
the effect of downstream treatments such as cooking or curing.

The proteomic evaluation of food proteins presents a unique set of challenges and
opportunities. Muscle, milk and cereal proteomes are dominated by very abundant proteins,
creating a dynamic range problem. In addition to post-translational modifications produced
in vivo, food proteins are subjected to a wide range of post-harvest/post-slaughter
environmental and processing insults prior to consumption. These modifications include
side-chain oxidation, cross-link formation and backbone cleavage, and critically influence
key food properties such as shelf-life, nutritional value, digestibility and health effects.

A profound understanding of proteomics, protein modifications and redox chemistry has
allowed us to pioneer the application of redox proteomics to foods. This has led to the
development of a unique proteomics damage scoring system, allowing a direct link between
molecular-level understanding to intervention/mitigation at the processing level (Dyer et
al., 2010). We anticipate that this ability will be pivotal in the development of next-
generation food products.

This chapter outlines current achievements in the field of food proteomics. It deals with the
full spectrum of protein-containing foods, including dairy, meat, seafood and cereal
proteins. We focus on ex vivo protein modifications and their effects on foods. We devote
attention to redox proteomics approaches applied to food, and pay special attention to the
recent development of advanced redox proteomic-based approaches to evaluate and track
food protein modifications. These approaches are illustrated in a case study that compares
the protein damage level in a number of commercially available dairy products.

2. Proteins and nutrition

Proteins are key functional and structural components of all living cells and are an essential
element in the human diet. The human body is capable of synthesising most of the amino
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acids from other precursors, but is unable to produce the nine essential amino acids (His, Ile,
Leu, Lys, Met, Phe, Thr, Trp, Val), which must be supplied from the diet. Another six amino
acids (Arg, Cys, Gln, Gly, Pro, Tyr) can be produced by the body, but may need a dietary
source when endogenous production cannot meet metabolic requirements. Amino acids also
act as precursors for many coenzymes, hormones, nucleic acids and other molecules, and
can also be used as a metabolic fuel.

The total amount of protein in the body is fairly static, but individual proteins are constantly
being degraded and re-synthesised. The rate of this turnover is affected by stage of life and
level of activity. That makes the inclusion of an appropriate quantity of high quality protein
in the diet critical for growth and development in children and the maintenance of good
health in adults.

Protein can be sourced from plants and animals; important sources include cereals, meat,
poultry, fish and dairy foods. These sources differ in the relative bioavailability of protein
and, in particular, essential amino acids. In general the digestibility of proteins from
vegetable sources is lower than for those of animal origin, being around 78-85% as opposed
to 94-97% for meat, dairy and eggs. Animal sources of protein also generally have higher
levels of the essential amino acids.

Proteomics, through the application of gel and non-gel approaches, offers a powerful new
way to characterise the protein component of foods. Whereas genomics provides
information on the total genome of the organism, proteomics reveals which proteins are
actually expressed in each tissue type. Furthermore the application of proteomic techniques
offers a way to investigate differences in the protein composition of different tissues within
a specific animal or vegetable food type, as well as between different varieties of it. In
addition it has the power to follow changes in the protein component of various tissues
during growth, maturation and post-mortem or post-harvest, as well as downstream
treatments such as cooking.

3. Food proteomics

This section overviews and summarises the application of classical proteomics in food
science, broken down into major food protein groups.

3.1 Dairy

Proteomics has been successfully applied to the study of milk proteins by many research
teams, and significant effort has gone into the characterisation of the milk proteome. Also,
bioactive milk components are of enormous scientific and commercial interest. Proteomics
approaches have been used to compare milk from different species, while proteomic
evaluation of other dairy products such as cheese has been a specialist subject that has also
received attention.

In general, the dynamic range of proteins in milk poses a challenge to proteomics
technologies. This is because the proteins in milk tend to be dominated by the caseins, which
make up some 80% of the total protein content. Even when these are removed, the minor
components in whey are dominated by one or two proteins; in bovine milk these are o-
lactalbumin and B-lactoglobulin. Dynamic range issues have been overcome thanks to
improvements in mass spectrometer sensitivity, coupled with the application of depletion
and/or fractionation techniques. Casein, for example, is easily removed by acid
precipitation. Alternatively affinity purification has been successfully used to remove IgA,
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lactoferrin, o-lactalbumin and serum albumin from human colostrum, allowing the
identification of 151 proteins, over half of which have not been previously identified in
colostrum or in milk (Palmer et al., 2006).

Following fractionation, substantial attention has been given to the identification of minor
(including bioactive) components in milk. In one study 2-dimensional electrophoretic (2-DE)
proteomic methods were applied to bovine whey after it had been fractionated into acidic,
basic and non-bound components by semi-coupled anion and cation exchange
chromatography (Fong et al., 2008). Utilising this approach, a large number of minor whey
proteins were identified, some of which had not been previously reported in milk; in
particular the acidic fraction was found to have a group of osteopontin peptides. Other
investigators have used proteomics approaches to compare milk from different species to
evaluate their suitability as a substitute for human milk (D'Auria et al., 2005).

Discovery and characterisation of bioactive milk components is of enormous scientific and
commercial interest. For example, the host defence proteins in milk and colostrum have the
potential to add significant value to the dairy industry, and techniques have been put in
place to fractionate and analyse them using proteomics (Smolenski et al., 2007; Stelwagen et
al., 2009).

The milk fat globule membrane (MFGM) constitutes another important component of milk.
MFGM composition is of interest because it is known to be rich in bioactive components and
there is increasing evidence that there are significant health benefits associated with the
consumption of MFGM. Vanderghem et al. (2008), investigating a simple and rapid
approach for the extraction of the MFGM, evaluated a number of different detergents and
found that the inclusion of 4% CHAPS resulted in the removal of the highest amount of
skim milk proteins as evaluated by 2-DE. Affolter et al. (2010) profiled two fractions of the
MFGM, a whey protein concentrate (WPC) and a buttermilk protein concentrate (BPC)
using three different approaches. Using a LC-MS/MS shotgun proteomics approach, 244
proteins were identified in WPC and 133 in BPC, while label-free profiling was used for
semi-quantitative profiling and the determination of protein fingerprints.

Water soluble extracts of Teleme cheeses prepared from ovine, caprine and bovine milk
were separated by 2-D gel electrophoresis and analysed by MALDI-MS and by HPLC in
conjunction with Edman degradation, MS and tandem MS (Pappa et al., 2008). The 2-DE
gels tended to be dominated by the casein and whey proteins, while in the MS analysis of
the RP-HPLC-separated peptide fractions a few predominant peptides tended to mask the
minor components. Nevertheless, enough differences were observed to enable the source of
milk to be identified. Species specific differences were also observed in the tandem MS of
peptides originating from casein. The effect of variations in milk protein composition on
cheese yield of chymosin-separated sweet whey and casein fractions was examined by 2-D
electrophoresis in conjunction with MS and multivariate data analysis (Wedholm, 2008).
Using this approach it was possible to identify a range of proteins which had a significant
effect on the transfer of proteins from milk to cheese. Included among these was a C-
terminal fragment of B-casein, as well as a combination of several other minor fragments of
B-, sl and as-2 caseins, whose individual effect was relatively low.

3.2 Meat

The field of meat proteomics has seen steady growth over the past five years. A large
number of studies have been performed, with a few distinct categories emerging. The post
mortem conversion of muscle into meat is a significant series of events connected with
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protein modification and breakdown, and has received substantial attention. This has been
extended to changes occurring in cooked/cured products. Protein marker discovery for
various meat quality attributes is another important area. With countless animal breeds all
providing different muscle/meat parameters of interest, there is significant potential for
exciting discoveries leading to improved quality/value attributes and product
differentiation.

Bjarnadottir et al, (2010) examined the insoluble protein fraction of meat (longissimus
thoracis) from eight male Norwegian Red dual-purpose cattle during the first 48 hour post-
mortem period using 2-DE and MALDI-TOF MS/MS and noted significant changes in 35
proteins, divided into three different groups based on predicted function, specifically:
metabolism, cellular defence/stress and structural. Of these, most of the metabolic enzymes
involved energy metabolism in the cell, while the cellular defence/stress proteins related
mainly to the regulation and stabilisation of myofibrillar proteins. Laville et al. (2009)
examined proteomic changes during meat aging in tough and tender beef using 2-DE and
found that a higher proportion of proteins from the inner and outer membrane of
mitochondria were found in the tender group, suggesting that a more extensive degradation
of this organelle may be related to the apoptotic process. In another study into relationships
between the protein composition of myofibrillar beef muscle proteins and tenderness
Zapata et al. (2009) analysed by 1-DE and nano-LC-MS/MS the myofibrillar muscle fraction
of longissimus dorsi from 22 Angus cross steers that had linearly regressed to shear values.
Six bands showed a significant relationship and were found to contain a wide variety of
cellular pathways involving structural, metabolic, chaperone and developmental functions.
Bouley et al. (2003) applied 2-DE to the separation of proteins from semitendinous
muscles from Belgian Blue bulls that were either double-muscled homozygotes or non
double muscled homozygotes. With the aim of identifying markers for muscle
hypertrophy they found 26 proteins whose expression varied between homozygote types
and hence had potential as markers for this trait. Shibata et al. (2009), in contrast, were
interested in how the type of feed affected the muscle proteome of Japanese Black Cattle,
in particular the difference between grass and grain feeding. The cattle were individually
housed in a barn and fed a combination of ad libitum and Italian ryegrass hay until 21
months of age, whereupon half were put onto pasture outdoors until slaughter at 27
months of age. From 2-DE gels, differences were apparent and involved 20 spots from the
sarcoplasmic and 9 from the myofibrillar fraction, of which adenylate kinase 1 and
myoglobin from the sarcoplasmic fraction and slow twitch myosin light chain 2 from the
myofibrillar fraction were significantly higher in the grazing group. All of this was
indicative of a change from slow-twitch tissues to fast twitch tissues when the cattle were
grazed in the latter fattening period.

The application of proteomics to following post-mortem changes in porcine muscles has also
been of interest. Using a proteomic approach, te Pas et al. (2009) identified several proteins
associated with drip loss and shear force in Yorkshire and Duroc pigs but none for cooking
loss. In a study of post-mortem changes in longissimus dorsi muscles in pigs, Choi et al.
(2010) used a 2-DE approach to show that muscles exhibiting a higher degree of protein
denaturation not only displayed lower muscle pH, paler surfaces, and higher degrees of
fluid loss of exudation, but were also characterised by myofibrillar and metabolic protein
degradation. As a result of this work it would appear that myosin, actin, the troponin T 4f
isoform and glycogen phosphorylase fragments have potential for explaining variations in
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the degree of protein degradation and meat quality. Hwang et al. (2005) also studied post-
mortem changes in longissimus dorsi muscles of Landrace pigs using a gel-based approach,
comparing those that had been fasted for 18 hours before slaughter with those fed on the
morning of slaughter. They noted semi-quantitative changes in 27 proteins with muscle
ageing, including myosin light chain 1, desmin, troponin T, cofilin 2, F-actin capping protein
B subunit, ATP synthase, carbonate dehydrase, triosephosphate isomerise, actin,
peroxiredoxin 2, a-b crystalline and heat shock protein 27 kDa. Lametsch and Benedixen
(2001) used 2-DE to follow post-mortem changes in porcine muscles from 4 to 48 hours,
paying particular attention to those focusing between 5-200 kDa and pH 4-9, of which 15
were found to show noticeable changes with time. Morzel et al. (2004) used proteomics to
monitor the effects of two different pre-slaughter handling techniques on meat aging,
specifically mixing of animals from different pens and transport to the abattoir 12 hours
before slaughter with no mixing of animals and immediate slaughter after transport. They
found significant changes in protein composition with ageing and in animals that were not
mixed and slaughtered immediately there was over-expression of mitochondrial ATPase
and increased concentration of a protein thought to be a phosphorylated form of myosin
light chain 2. Lametsch et al. (2003) also looked at post-mortem changes in pig muscle tissue
in relation to tenderness and found significant changes in 103 protein spots, of which 27 of
the most prominent were identified. They found significant correlations between shear force
and three of the identified actin fragments, the myosin heavy chain, as well as the myosin
light chain II and triose phosphate isomerase I. A 2-DE approach was used to study
relationships between protein composition and various meat quality traits in the longissimus
dorsi muscle from Landrace pigs at various times after slaughter (Hwang, 2004). He found
that high lightness values (as measured by Hunter L*) and drip loss coincided with high
proteolysis rates. Moreover, 12 proteins appeared to be related to L* values, including o-
actin, myosin light chain 1, cofilin 2, troponin T and o-b crystalline chaperone proteins. In
addition four proteins were related to drip values, these being troponin T, adenylate cyclise,
ATP-dependent proteinase SP-22 and DJ1 protein.

Proteomics has also been applied to the more general area of protein content and meat
quality in pork. Kwasiborski et al. (2008) related 2-DE spots of the soluble portion from pig
longissimus lumborum tissue to known meat quality traits using multiple regression analysis
and determined that one to two proteins could explain between 25 and 85% of the
variability in quality in this tissue. Relationships between the water holding capacity of pork
and protein content were examined by van de Wiel and Zhang (2008) using a 2-DE
approach. They were able to identify up to eight proteins that appeared to be significantly
related to water holding capacity; the most clearly related were creatine phosphokinase M-
type (CPK), desmin and a transcription activator. Another proteomic study provided
evidence for pig muscles that were darker in colour having more abundant mitochondrial
enzymes of the respiratory chain, haemoglobin and chaperone or regulator proteins (Sayd et
al., 2006). Lighter coloured meats, in contrast were found to have more glycolytic enzymes.
The genotype of the pig was also found to have an effect on meat quality (Laville et al.,
2009). They used 2-DE to compare the sarcoplasmic protein profiles of semi-membranous
muscles from early post-mortem pigs with different HAL genotypes (RYR1 mutation
1841T/C) and from ANOVA analysis found that 18% of the total matched protein spots
were influenced by genotype, while hierarchical clustering analysis identified a further 10%
that were coregulated with these proteins. One of the genotypes was found to contain fewer
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proteins of the oxidative metabolic pathway, fewer antioxidants and more protein
fragments. The effect of the positive influence of compensatory growth on meat tenderness
was examined by Lametsch et al. (2006), who divided female pigs into two groups, one of
which had free access to the diet, another of which were feed-restricted from day 28 to 80
and were then given free access to the diet. Forty-eight hours post-mortem, proteins affected
by compensatory growth were all found to be full length proteins, a result that goes against
previous hypotheses that compensatory growth results in increased post-mortem
proteolysis.

There has been some interest in applying proteomic techniques to analysing cooked pork
products, including ham. Di Luccia et al. (2005) followed the progressive loss by hydrolysis
of myofibrillar proteins during the ripening of hams using 2-DE, even to the extent of
identifying a novel form of actin in the 2D gel. Sentandreu et al. (2007) used MALDI-TOF
MS and MS/MS to identify peptides generated during the processing of ham. Sequence
homology analysis indicated that they originated from actin. The protein composition of
tough and tender pig meat, as defined by its shear force after cooking, was examined by 2-
DE (Laville et al., 2007). They found at least 14 spots that differed significantly in quantity
between the two groups, in particular, proteins involved in lipid traffic and control of gene
expression were overrepresented in the tender meats, along with proteins involved in
protein folding and polymerization.

When it comes to poultry, proteomics has been applied to identifying proteins differentially
expressed in Cornish and White Leghorn chickens (Jung et al., 2007). They investigated over
300 spots in their 2-DE gels and found one protein that was differentially expressed in
pectoralis muscles and four in peroneus longus muscles, all of which are assumed to be
associated with muscle development, growth stress and movement in chickens. Nakamura
et al. (2010) used proteomics to examine the allergenicity of meat from transgenic chickens.
Using an allergenome approach they were able to identify five IgE-binding proteins that
from 2D-DIGE analysis were found not significantly changed between non-GM and GM
chicken. Proteomics also has proved to be useful for detecting chicken in mixed meat
preparations. Sentandreu et al (2010) developed a method for the extraction of myofibrillar
proteins and the subsequent enrichment of target proteins using OFFGEL isoelectric
focusing, which were then identified by LC-MS/MS. Quantitative detection of chicken meat
was achieved using AQUA stable isotope peptides and it was possible to detect
contaminating chicken down to levels of 0.5%.

3.3 Seafood

There are a wide variety of ways that proteomics can be applied to seafood including the
identification of species, characterisation of post-mortem changes in the various species of
fish, or the effect of additives during the processing of fish muscle (Martinez and Friis,
2004). Gebriel et al. (2010), interested in understanding the effects of environmental,
nutritional, biological and industrial factors on fish meat quality, undertook a large scale
proteomic approach to first characterise cod muscle tissue composition. Using 1-DE coupled
with nanoflow LC and linear trap quadrupole MS they were able to identify 446 unique
proteins in cod muscle.

Addis et al. (2010) were interested in how physiological conditions experienced by wild and
farmed fish affected muscle proteome of gilthead sea bream. They applied 2-DE and mass
spectrometry to systematically characterise the proteome of this sea bream along the
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production cycle in four offshore floating cage plants and two repopulation lagoons in
different areas of Sardinia. From this they were able to conclude that the protein expression
profile of muscle tissue is comparable between the farmed and those found in the wild and
therefore that farming in offshore cages would be good for proper muscle development and
enable the production of higher quality fish. Veiseth-Kent et al. (2010) were also interested
in the effects of fish farming on muscle and blood plasma proteomes but this time in
changes induced by crowding. They found that the proteins mainly affected were those
involved in secondary and tertiary stress responses and thus provided insight into the
mechanisms causing accelerated muscle pH decline and rigor mortis contraction in salmon
living under crowded conditions.

The application of proteomics to the study of post-mortem changes of fish muscle has also
been of interest. Kjaersgard and Jessen (2003) examined the alterations in cod (Gadus morhua)
muscle proteins over eight days in storage on ice using 2-DE and noted significant increases
in intensity for eight spots over the first two hours, while there were significant decreases in
intensity for two other spots over the entire eight days.

3.4 Cereal

Given the importance of rice as a staple food, it is not surprising that significant attention
has been devoted to its proteome. Komatsu and Tanaka (2004) described the construction of
a rice proteome database based around 23 reference 2-DE maps ranging from the
cataloguing of its individual proteins to the functional characterization of some its
component proteins, including major proteins involved in growth and stress response. As a
result of this work, a total of 13,129 proteins are contained within these maps, of which 5092
have been entered into the database. Xue et al (2010) applied proteomics to rice with the
view to determining its potential for detecting the unintended effects of genetically modified
crops. By examining the total seed protein expression of two strains of transgenic rice with
2-DE they found that some of the seed proteins in the two lines differed in their relative
intensities after comparison with their respective control lines. Kim et al. (2009) examined
the proteomes of two different cultivars of rice, one high-quality and the other low-quality,
and identified 15 proteins that may have important roles in quality determination,
regulation of protein stability of imparting disease resistance during grain filing and
storage. Ferrari et al. (2009) studied the proteomic profile of rice bran with a view to
understanding its functional properties. Through a combination of gel and gel-free
approaches they were able to identify 43 proteins with functions ranging from
signalling/regulation, enzymic activity, storage, transfer to structural. Kang et al., (2010)
were interested in the responses of plants to stress and applied a proteomic approach to
determine how rice leaves respond to various environmental factors.

Other cereals that have been examined using proteomics include barley, maize, wheat
(Agrawal and Rakwal, 2006) and corn (Ricroch et al., 2011). In the case of wheat, studies
have ranged from an examination of the proteome of polyploid wheat cultivars to determine
the effect of genome interaction in protein expression (Islam et al., 2003), through to
studying allergens in wheat. For instance, Akagawa et al. (2007) undertook a comprehensive
characterisation of allergens in wheat using a 2-DE approach coupled with MALDI-TOF MS.
As a result of this study they were able to identify nine subunits of low molecular weight
glutenins as being the most predominant IgE-binding proteins. The 2-DE maps they were
able to generate were also considered to have much potential for the diagnosis of wheat-
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allergic patients or the identification of wheat allergens in food. Proteomics has also been
applied to identify stress-induced proteins in wheat lines that may have a special role in
food science (Horvéth-Szanics et al., 2006). Using separation on 2-DE gels coupled with
MALDI MS they studied a set of drought-stressed wide-range herbicide resistant transgenic
spring wheat lines and noted that a number of inhibitor-like proteins were dominant in the
stressed transgenic lines.

Akagawa et al. (2007) undertook a comprehensive characterisation of allergens in wheat
using a 2-DE approach coupled with MALDI-TOF MS. As a result of this study they were
able to identify nine subunits of low molecular weight glutenins as being the most
predominant IgE-binding proteins. The 2-DE maps they were able to generate were also
considered to have much potential for the diagnosis of wheat-allergic patients or the
identification of wheat allergens in food.

3.5 Other

Proteomic studies of eggs have ranged from simple exploratory investigations to locating
allergenic proteins or more complex interactome studies. Mann et al. (2008), using high-
throughput mass spectrometry based techniques to search for bioactive compounds in eggs,
identified 119 proteins in egg yolk, 78 in egg white and a further 528 proteins in the
decalcified egg shell organic matrix. These included some 39 phosphoproteins from the egg
shell soluble matrix, 22 of which had not been previously identified as phosphoproteins.
D’ Alessandro et al. (2010) took this one stage further by taking data from the literature and
then regrouping and elaborating them for network and pathway analysis with the view to
developing a unified view of the proteomes in egg, specifically those of egg white and yolk.
As aresult they were able to highlight roles for proteins in cell development or proliferation,
cell-to-cell interactions and haematological system development in the egg yolk. The egg
white proteins were found to be mainly in pathways involved with cell migration. Lee and
Kim (2009) compared immunochemical methods such as ELISA, PCR and a proteomic
approach involving MALDI-TOF and LC-tandem quadrupole-TOF MS for their ability to
detect some egg allergens. Of these, ELISA proved to be very sensitive and specific; the
proteomic approach was not able to detect some egg allergens such as ovomucoid because
of its non-denaturing properties with urea and trypsin, while PCR proved unable to
distinguish between eggs and chicken meat because it was tissue-non-specific.

Proteomics has also been applied to determine the extent of natural variation in the ripening
of tomatoes and ultimately whether it would be possible to set up criteria for ripening at
each stage (Kok et al., 2008).

Lei et al. (2011) developed a legume specific protein database incorporating sequences from
seven different legume species which, when applied, resulted in a 54% increase in the
average protein score and a 50% increase in the average number of matched peptides. When
using MALDI-TOF MS data they found their success rate in identifying proteins increased
from 19% with the NCBI nr database to 34% when they used the LegProt database.

Legumes are considered an important crop for sustainable agriculture but are relatively
poor model systems for genetics and proteomics research, largely because of limited
availability of sequence information. This is also the case for soybean as the sequencing of its
genome is not yet finished (Komatsu and Ahsan, 2009). Nevertheless, despite the limited
information available on soybean protein sequences Krishnan and Nelson (2011) were able
to establish that the soybean cultivars with protein contents greater than 45% of the dry seed
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weight had a significantly higher content of seed storage proteins than the standard soybean
cultivar (Williams 82); the largest difference in higher protein quality was within the 11S
storage globulins. Proteomic studies have even been used to back up claims of the health
benefits of soy (Erickson, 2005). In a recent study, an isoflavone from soybean has been
found to prevent the regulation of proteins that induce apoptosis, cells which are the prime
targets of arteriosclerotic stressors such as oxidised low density lipoproteins (Fuchs et al.,
2005).

4. Protein modification

Most difficulties encountered in the proteomic evaluation of foods are due to the complexity
of food protein modification. Even with advanced proteomic technologies, locating and
tracking numerous modifications of proteins and peptides at trace levels adducts can remain
a challenge. The need for accurate evaluation of a wide range of low abundance
modifications is a differentiating factor associated with the proteomics of ex vivo proteins,
such as food proteins. This section provides an overview of non-biological (environmental
or process-induced) post-translation modifications that affect the performance and quality
of food proteins.

Extracellular protein modification, particularly oxidative modification, is implicated in
damage and degenerative processes within a diverse range of biological systems, including
natural fibres, skin, eyes, pharmaceuticals and notably also in foods and ingredients
(O'Sullivan and Kerry, 2009; Ustdal et al., 2008). Protein and peptide modification plays a key
role in all food quality and value attributes. Ex vivo modifications such as amino acid side-
chain oxidation, protein-protein cross-linking and backbone cleavage can cause dramatic
changes in product properties including shelf life, nutritional value, digestibility, functionality,
health benefits and consumer appeal (Kerwin and Remmele, 2007). For instance, heat and/or
alkali treatment of foods, feeds or pure proteins is very common in processing and
manufacturing steps for a wide range of foods and ingredients, including dairy, meat, cereal
and seafood products. However, such treatments can lead to the formation of a series of
xenobiotics, including lysinoalanine and ornithoalanine, crosslinked modifications which have
been implicated in nutritional damage and adverse health effects (Fay and Brevard, 2005;
Gliguem and Birlouez-Aragon, 2005; Rerat et al., 2002; Silvestre et al., 2006).

Protein modification at the primary level is caused by a range of molecular mechanisms, but
in food proteins, redox damage and Maillard chemistries are the major causes of
modifications.

Reactive oxygen species (ROS) can be generated through exposure to heat and light, in
particular, leading to oxidative attack (Dyer et al., 2006a; Grosvenor et al., 2010a; b). Two
ROS in particular are implicated in protein oxidative degradation: singlet oxygen and the
hydroxyl radical. Singlet oxygen is a highly reactive electrophilic species that reacts with
proteins to form hydroperoxides, which decompose to form a variety of secondary
oxidation products (Min and Boff, 2002). Where lipids are also present in the food system,
initial oxidation to form lipid hydroperoxides can then result in subsequent secondary
protein oxidative damage. Such lipid-mediated oxidation is brought about both through the
triggering of radical chains and via the by-products of free radical lipid oxidation
(Trautinger, 2007). On the other hand, hydroxyl radicals are highly reactive free radical
species that can form from the initial generation of hydrogen peroxide and superoxide (Lee
et al., 2004). Hydroxyl radicals are capable of reacting with any amino acid residue through
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a-hydrogen abstraction or direct residue side chain attack. In particular, they have an
affinity for electron rich molecular structures, such as aromatic rings and sulphur-based
moieties (Nukuna et al., 2001).

The Maillard reaction is a non-enzymatic process extremely important in the preparation of
many food types. It results from initial chemical reaction between an amino acid and a
reducing sugar and usually involves heat (Chichester, 1986). Maillard reaction products
(MRPs) have a profound influence on food flavour and colour, but also affect all other key
food properties. It is known that protein-bound MRPs are present at relatively high levels in
common bakery, milk and cooked meat products. However, as any given modification is
present in low relative abundance, traditional analytical techniques have had difficulty
studying these changes at the molecular level. Proteomic approaches offer a highly sensitive
and specific approach to evaluating Maillard products in foods.

The next sub-sections examine in more details the types of protein redox damage generated,
followed by an overview of Maillard chemistries.

4.1 Side-chain redox chemistry

For whole proteins, model studies have indicated that protein backbone o- or - positions
are not the primary site of attack for reactive oxygen species, but that residue side chains are
often the first point of ROS attack (Goshe et al., 2000). The protein residues most sensitive to
oxidative modification are the aromatic and sulfur-containing amino acids (Berlett and
Stadtman, 1997). Model studies on free amino acid oxidation have found that tryptophan,
tyrosine, histidine, phenylalanine, and cysteine are the most susceptible to oxidation in
solution. This correlates well with observations in whole proteins under oxidative
conditions (Asquith et al., 1971; Asquith and Rivett, 1969; Boreen et al., 2008; Davies and
Truscott, 2001; Schifer et al., 1997).

Tryptophan and tyrosine oxidation results in a wide range of modified products, some of
which can be used as oxidative markers (Asquith and Rivett, 1971; Davies et al., 1999; Dean
et al., 1997; Guedes et al., 2009; Maskos et al., 1992; Simat and Steinhart, 1998; Zegota et al.,
2005). Many of these products absorb light in the visible range, such as the tryptophan-
derived yellow chromophore hydroxykynurenine, therefore affecting the colour of the
protein material.

Additionally, the sulfur-containing residues cysteine and methionine are highly susceptible
to oxidative degradation. Within proteins, cysteines are present both as free thiols and
within disulfide bonds (cystine). Since disulfide networks play an important role in the
structural and mechanical properties of proteins, oxidative modification resulting in non-
reversible cleavage of these crosslinks is a critical consideration with respect to food texture,
moisture retention and rheology. It is also noteworthy that disulfide bonds can have a
protective effect on other residues, due to the same ROS quenching properties that make
them vulnerable to oxidation (Li et al., 1992). Methionine oxidation results ultimately in the
generation of methionine sulfoxide, which although a reversible oxidative modification in
vivo, generally accumulates in extracellular proteins (Garner and Spector, 1980).

For proteins with low relative amounts of tryptophan, such as collagen, oxidation of other
non-aromatic residues, such as proline, becomes more prevalent. Proline is susceptible to
hydroxylation to form hydroxyproline, but other degradation products include glutamic
semialdehyde and pyroglutamic acid (Sionkowska and Kaminska, 1999; Stadtman and
Levine, 2006a).
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Another form of redox modification is side chain scission, with cleavage typically occurring
at the p-position (Dean et al., 1997; Stadtman and Levine, 2006a). This scission results in
generation of carbonyl containing moieties as side-chain derivatives. For example cleavage
of alanine and valine side-chains leads to formation of formaldehyde and acetone
respectively. Side chain scission can also result in the introduction of a carbon centred
radical into the protein backbone itself (see also sub-section 4.2). Other non-residue specific
modifications of note are deamidation and decarboxylation. Deamidation can occur at
asparagine and glutamine residues, as well as on peptide and protein N-termini.
Decarboxylation particularly affects terminal residues (Stadtman and Berlett, 1991).

4.2 Carbonylation and protein backbone cleavage

The term carbonylation refers to the introduction of carbonyl groups into proteins, either on
side-chains or on the protein backbone itself, and is a form of modification that has long been
associated with protein oxidative damage (Holt and Milligan, 1977; Stadtman, 2006). Large
relative quantities of carbonyl groups can be formed within proteins under oxidative
conditions, and carbonylation therefore represents the most abundant kind of oxidative
damage at the molecular level (Stadtman and Levine, 2006a). Carbonyl moieties are often
formed on residue side chains, notably proline, threonine, arginine and lysine (Scaloni, 2006).
Protein backbone cleavage can occur when ROS extract a-hydrogen atoms, leading to the
formation of carbon-centred radicals (Dalle-Donne et al.,, 2006). These radicals can
subsequently react with molecular oxygen to form peroxy radicals, then peroxides and
alkoxyl derivatives. Protein and peptide bond cleavage occurs via two different pathways;
the diamide and a-amidation pathways (Stadtman and Levine, 2006a). The diamide
pathways produces peptide fragments with diamide and isocyanate moieties, while the a-
amidation pathway leads to peptide fragments with amide and a-ketoacyl moieties.

4.3 Protein crosslinking

Exposure of proteins to heat, alkali and/or oxidative conditions can lead to significant
protein-protein inter and intramolecular crosslinking (Lee et al., 2004; Stadtman and Levine,
2006b). Residues with a propensity to form crosslinks include lysine, arginine, tyrosine,
serine, cysteine and histidine (Taylor and Wang, 2007).

Lysine can form a range of crosslinks with other residues (Silvestre et al., 2006). Since lysine
is an essential amino acid for nutrition, process-induced lysine crosslinking is of concern in
the food industry. The best characterised crosslinked modification product is lysinoalanine.
Lysinoalanine is formed from initial dehydration of cysteine or serine to form
dehydroalanine, which subsequently reacts with proximal lysine residues.

Another key crosslinked modification in proteins is the formation of lanthionine from
cystine, a crosslinked derivative which cannot be reductively cleaved (Bessems et al., 1987;
Earland and Raven, 1961). Lanthionine formation is strongly associated with heat and alkali
treatment of proteins. For proteins under oxidative conditions, the crosslink dityrosine is
formed from two tyrosine residues after ROS attack to form tyrosyl radicals, followed by
radical-radical combination (Dyer et al., 2006a).

4.4 Maillard chemistry
Particularly in the case of thermal modification, Maillard chemistries can result in a cascade
of complex modifications that can profoundly affect colour, flavour, digestibility and
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nutritional value in foods (Gerrard, 2002). The Maillard reaction is a non-enzymatic process
extremely important in the preparation of many food types. It results from initial chemical
reaction between an amino acid and a reducing sugar and usually involves heat. The sugar
carbonyl group reacts with the nucleophilic amino moiety of a free amino acid or protein
residue to initially form an N-substitute glycosylamine. This unstable compound
subsequently undergoes Amadori re-arrangement and a complex mixture of resultant
products can form, many as yet poorly understood. However, these products are
responsible for a wide range of flavours and odours in foods, with each food type having
distinct patterns of Maillard reaction products (MRP).

Application of proteomics in the area of Maillard chemistry was first performed only within
the last decade, and has subsequently been increasingly applied to study protein
modification introduced during food processing (Cotham et al., 2003; Gerrard, 2006).
Challenges still remain in the areas of quantification and development of procedures with
increased sensitivity to locate novel modifications. Research correlating processing
parameters to effect on nutritional damage to proteins at the molecular level due to Maillard
chemistry has been limited to date.

The effect of MRP on the nutritional value of food is of critical concern and is a topic of
considerable interest to the food industry. Processing, packaging and storage conditions can
have a profound influence on the nutritional quality and health effects of food products (Ames,
2009; Seiquer et al., 2006). Maillard reactions can lead to a decrease in bio-availability of several
essential amino acids (Hewedi et al., 1994; Shin et al., 2003), decreased protein digestibility and
formation of some undesirable compounds (Taylor et al., 2003; Uribarri and Tuttle, 2006). The
risks and benefits associated with consumption of MRPs remains a controversial issue (Lee and
Shibamoto, 2002). Profiling and tracking nutritional quality of proteinaceous foods, such as
meat or dairy, throughout processing and storage is of particular importance, due to the
continuous development of MRP products, even at reduced temperatures. The enhanced
formation of such products associated with oxidation from vitamins, such as ascorbic acid,
frequently used as preservatives, is also a concern. MRP formation encompasses a complex
array of reactions, starting with the glycation of proteins and progressing to form sugar-derived
protein adducts and cross-links also known as advanced glycation end products (AGE).
Impaired nutritional value can occur due to changes in protein integrity and function through
protein crosslinking mediated by AGE. On the other hand, increased antioxidant activity in
food systems can also be attributed to these reactions.

The profile and relative abundance of all these modification products vary between specific
proteins and have a significant effect on all critical food quality traits, as discussed in the
following sub-section.

4.5 Effects of protein modification on foods

Progressive generation of modifications at the protein primary level results in changes to
secondary, tertiary and higher orders of protein structure through denaturation, protein
breakdown and conformational re-ordering, leading to observable changes in the holistic
properties of the food (Dean et al., 1997). An overview of the effects on food proteins is here
presented based on food type.

4.5.1 Dairy
The main dairy protein types are caseins, albumins and globulins (Farrell et al., 2004). These
proteins impart many of the important nutritional and functional characteristics to dairy
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food products. Degradation of milk and dairy products represents a significant area of
concern for the dairy industry, due to the development of off-flavours, impaired nutritional
quality and function. These problems can appear very rapidly under the right conditions,
and create consumer complaints (Havemose et al., 2004; Jung et al., 1998; Mestdagh et al,,
2005; Dstdal et al., 2008).

Exposure to heat and/or light, in particular, can result in significant degradation in dairy
products. For instance, flavour changes become noticeable rapidly in milk exposed to
sunlight (Mestdagh et al., 2005). Development of off-flavours in milk and cheeses on light
exposure is photosensitised by riboflavin (Becker et al., 2005). Such photo-oxidation
increases protein carbonyl levels and leads to the formation of numerous tryptophan,
tyrosine, histidine, and methionine oxidative products, as well as crosslink formation,
notably dityrosine (Dalsgaard et al., 2007). Oxidation alters the structure of all the major
milk proteins, with caseins particularly vulnerable to modification (Dalsgaard et al., 2008).
Changes in protein folding, and polymerisation have been noted particularly for
lactalbumin and lactoglobulin (Dalsgaard et al., 2007). The hydrolysis of dairy proteins is
also affected by oxidation. Impaired accessibility of chymosin to oxidised dairy proteins has
been observed, resulting in altered peptide profiles, including lowered total amounts of free
N-termini (Dalsgaard and Larsen, 2009). Other notable modifications for dairy products are
lysine-derived protein-protein crosslinks. In particular, lysinoalanine is formed from alkali
or heat treatment of dairy proteins, and is therefore typically present in all common dairy
products and ingredients at varying levels.

4.5.2 Meat and seafood

Flavour, colour, texture and nutritional value comprise the most essential quality attributes
for all varieties of meats, seafoods and their derivative products, with a direct correlation to
value and quality (Kerry and Ledward, 2009). These attributes are directly linked to the
protein content. Meat typically consists of 10-30% proteins, depending on the species and
the cut (Paul and Southgate, 1985). Meat flavour is derived from its profile of proteins,
peptides, carbohydrates and lipids (Spanier et al., 2004; Wood et al., 1999). For meat
products, lipid oxidation must be considered together with protein modification. Aldehyde-
derived secondary lipid oxidation products are associated with the formation of
proteinaceous chromophores, and therefore influence colour (Sun et al., 2001). Proteolysis
plays an essential role in the developing flavour of meat and seafood products, while
protein and lipid oxidation products are inter-related, and influence specific flavour and
odour. An important component of meat colour is myoglobin chemistry, along with other
proteins such as haemoglobin and cytochrome C (Kerry and Ledward, 2009; Mancini and
Hunt, 2005). The texture of meat is directly related to its protein matrix, and is affected by
protein backbone cleavage (proteolysis of structural proteins) and crosslinking. In terms of
nutritional value, proteins represent a key macronutrient in meat and seafood, while
protein-protein and protein-lipid crosslinks, protein cleavage and amino acid damage are
associated with the deterioration of nutritional value (Erickson, 1997; Love and Pearson,
1971). Resultant food structural modifications in turn affect properties such as moisture
retention, solubility and digestibility (Xiong, 2000).

Meat modification is further influenced by conditions immediately prior to, and after,
animal slaughter. Physiological reactions to stress may influence the rate and extent of post
mortem pH decline, altering the modification profile and thereby impacting quality
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parameters such as tenderness, colour and water-holding capacity (Ferguson et al., 2001;
Ferguson and Warner, 2008). Recent findings suggest that pre-slaughter stress may enhance
oxidative reactions during ageing (Picard et al., 2010). Oxidative damage is implicated in
meat quality deterioration, for example in high O, packaging during long-term chilled
storage. Protein ex vivo modification in seafood products is typically less well studied than
meat, however it is of equal concern with respect to the quality and value of the resultant
food product (Baron et al., 2007; Kinoshita and Sato, 2007; Kjaersgard and Jessen, 2004).

4.5.3 Grains and cereals

Degradative modification also significantly influences the quality of high protein plant-
derived foods, notably grains and cereals. Oxidation of these proteins also influences the
formation of off-flavours and the nutritive value (Heinio et al., 2002). Plant proteins are
increasingly being used as ingredients and additives and ingredients in processed food, and
therefore modifications induced in these proteins during processing and storage and an
important consideration for the food as a whole.

5. Redox proteomics

The emerging proteomic sub-discipline of redox proteomics is based on the study of key
reductive and oxidative chemistries occurring within proteins (Dalle-Donne et al., 2006). In
complex biological systems exposed to varied processing and environmental conditions,
such as is the case for foods, mapping the vast potential array of protein modifications is
particularly challenging. Traditionally, holistic evaluation methodologies have been
employed for assessing food proteins, including evaluation of protein extractability and
determination of total carbonyl content. However, the advent of advanced proteomic tools
and approaches means that mapping and tracking molecular level changes directly within
the proteins is now possible. Redox proteomics adopts and customises techniques from
more classical shotgun and differential proteomic approaches to provide an unprecedented
overview of these molecular changes. Some of the underpinning steps in such an approach
are outlined here.

5.1 Characterisation of modifications

The first critical step in mapping food protein modifications is characterisation of the
modifications. This can be very challenging as modification patterns can be highly complex,
and any given modification, at a specific site in a specific protein, is likely to be present in
very low relative abundance. In addition, the induction of protein-protein crosslink
networks throughout the substrate further complicates peptide extraction and identification.
As a further note, it is critical that any extraction procedure selected for subsequent
proteomic analysis does not induce any further protein modification. The protein sample is
generally enzymatically digested and analysed by one- or multi-dimensional LC-ESI-
MS/MS or LC-MALDI-MS/MS, in a typical MudPIT-type approach (Thomas et al., 2006).
Detailed MS/MS evaluation allows specific peptides to be selected and fragmented to
provide structural information on modifications, and modification pathways from the key
affected amino acid residues can be constructed. Bioinformatic analysis allows the location
of modifications within proteins. For food systems where extensive crosslinking inhibits
enzymatic digestion, a combined chemical/enzyme approach can be employed. For
instance, initial chemical digestion with 2-nitro 5-thiocyanobenzoic acid (NTCB), which
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cleaves next to cysteine residues, followed by more standard tryptic digestion, can be
effective at digesting crosslinked proteins to produce peptides suitable to mass
spectrometric evaluation (Koehn et al., 2009).

5.2 Profiling and tracking

Profiling protein modifications allows construction of degradation pathways, while tracking
individual or collective modifications provides precise molecular evaluation of processing
and/or environmentally-induced changes, as well as validation of any amelioration strategy
(Davies et al., 1999; Gracanin et al., 2009).

Both redox and Maillard chemistries generate a range of products in susceptible protein
regions, and it is the type and abundance profile of these multiple products that results in
the overall food properties. Changes in relative abundance in mass spectrometric analysis
can be used to track the progressive loss of native peptides and proteins of parent peptides,
and the corresponding formation of modification products within those proteins and
peptides (Grosvenor et al., 2009). This can be used to evaluate differing protein processing
or treatment parameters, as wells as monitor variation under a range of environmental
conditions. However, the effectiveness of MS ion abundance data to track modification is
limited by factors such as variation between analyses.

A related approach to evaluating molecular level is the characterisation and tracking of
marker peptides. An initial analysis of the protein substrate is performed to identify
peptides which fulfil selected criteria, such as reproducible extraction and a unique mass
within the MS profile of the sample (Grosvenor et al., 2009). Individual marker peptides are
then monitored and tracked. Another emerging approach to profile protein modifications is
to utilise a scoring system, where different modifications are assigned a score and the range
of modifications observed at a certain MS/MS identification threshold contribute to the
overall score (Dyer et al, 2010). The data can be broken down to evaluate selected
modification types, and scores between samples allow effective comparison and contrast.

A recent, novel approach to tracking protein modifications is to utilise stable isotope tags,
such as iTRAQ (Wiese et al., 2007; Wu et al., 2006). Peptides from protein samples subjected
to a range of conditions, such as differing hydrothermal processing times, are each tagged
with a different iTRAQ label after enzymatic digestion and subsequently combined into one
sample. MS/MS analysis of individual peptides generates reporter ions which allow direct
tracking of the relative abundance of specific native or modified peptides across the
conditions. Proof-of-concept for this approach has been demonstrated in model peptides,
but its utility in more complex samples, such as whole protein foods, is yet to be fully
explored (Grosvenor et al., 2010a; b; 2011).

5.3 Mapping carbonylation

As discussed earlier in this chapter, holistic evaluation of protein carbonyl content is a
relatively good indicator of overall oxidative degradation (Thomas et al., 2006). However, to
locate where such carbonylation is occurring, more advanced proteomic strategies are
required.

Characterisation and mapping of carbonylation sites within the proteome can be achieved
by affinity purification coupled to LC-MS/MS. Typically, in this approach reaction of
biocytin hydrazide to tag and trap the carbonyl groups results in hydrazone conjugate
formation (Thomas et al., 2006). Streptavidin immobilised on agarose is then used to select
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out the carbonylated proteins or peptides, and then evaluation of the proteins is performed
using a standard MudPIT approach. Mapping of carbonylation within food proteins has
been very limited to date, but promises to further advance our understanding of food
protein molecular changes under oxidative stress.

5.4 Crosslink characterisation

Protein-protein crosslinks are very difficult to characterise and locate proteomically. Specific
crosslinks are typically present in very low abundance within the protein substrate. In
addition, protein digestion techniques must leave crosslinked peptides intact during
extraction. To add to the challenge, software for identifying and sequencing crosslinked
peptides are highly limited in their utility. However, more recently new approaches are
emerging which may progressively make comprehensive elucidation of crosslinks in
complex food protein mixtures possible.

Many crosslink evaluation strategies developed to date are based initially on partial
digestion of the protein substrate, often followed by isotopic labelling (Back et al., 2002;
Chen et al., 1999). The most common isotopic labelling approach is based around the action
of trypsin, which adds an oxygen atom to the C-terminus at its point of protein cleavage
(Mirza et al., 2008). Since crosslinked peptides have at least two C-termini, tryptic digestion
in 180 isotopically enriched water results in two or more 80 atoms being incorporated
where a crosslink is present. A parallel digestion is performed in regular water. Subsequent
proteomic analysis of the resultant peptides can then select for crosslinked peptides through
identification of a characteristic mass shift of 8§ amu relative to the unlabelled peptide in the
case of a single crosslink (Back et al., 2002).

6. Redox proteomics case study

6.1 Introduction

In this case study we present the concept and practical application of an advanced damage
scoring framework to characterise the oxidative and non-oxidative damage occurring in
UVB-irradiated protein fractions and in commercially available dairy products.

As established in the previous section, redox proteomics is an essential component of the
molecular-level characterisation of food. In particular, it can provide strong evidence for
protein damage due to food processing and packaging, incurred during retail display or
during preparation. Since nearly all food product quality parameters correlate directly or
indirectly with protein quality and function, molecular-level characterisation of protein
modification and damage is of crucial importance for the food industry. Understanding of
protein damage at the amino acid residue level and correlation with processing parameters
will ultimately allow process improvement and mitigation/repair of protein damage.

We have previously used a damage scoring system for the characterisation of UVB-induced
photo-oxidation in wool (Dyer 2010). This system allowed us to assign an absolute
numerical value to the degree of damage in the samples under investigation.

In this case study, we describe a significantly refined version of our damage scoring system,
allowing us to perform an advanced evaluation of redox and non-redox protein
modifications, with precise weighting and thresholding functionality. This is achieved in a
state-of-the-art redox proteomics context, based on LC-MS/MS data, ensuring
representative coverage across all key proteins in a sample.
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First, in a proof of concept approach, we show how damage scoring helps to quantify and
characterise the damage in two model proteins as induced by a redox event. Then, we
demonstrate the application of our damage scoring system to commercially available dairy
products, sourced from a local supermarket.

6.1.1 Proof of concept — lactoferrin and B-lactoglobulin

Our previous work has allowed us to develop an advanced understanding of the
photochemistry underpinning oxidative modification of proteins subjected to UVB
irradiation (Dyer et al., 2006a; Dyer et al.,, 2006b; Dyer et al., 2009; Dyer et al., 2010;
Grosvenor et al., 2010a). Therefore, UVB irradiation was chosen as the method to reliably
induce oxidative modifications in dairy proteins. The aim of this proof of concept preamble
was to establish that our damage scoring system is able to detect redox proteomic
differences between control and treated samples.

Bovine lactoferrin and B-lactoglobulin were chosen as the model proteins. Lactoglobulin is
the major protein in whey and is extremely well characterised, including its potential post-
translational modifications. Lactoferrin is a high value milk protein that encodes a number
of antimicrobial peptides, however its potential modifications are less well characterised
(Arseneault et al., 2010; Murdock et al., 2010; Stelwagen et al., 2009).

The proteins, at a concentration of 2.4 mg/ml in PBS, were subjected to UVB light for 40
minutes, while controls were left untreated. This procedure was expected to induce a
significant amount of oxidative modifications compared to the control.

After reduction, alkylation and trypsin digestion of the proteins, the peptide samples were
analysed using nanoLC-MS/MS. This allowed the acquisition of MS/MS information for a
large number of peptides. This MS/MS data was then utilised for peptide/protein
identification and characterisation of modifications. Specifically, data files were converted to
peak lists, imported in the ProteinScape data warehousing software, and serial Mascot
searching of the data using specific sets of variable modifications was initiated. A number of
specific searches including a selection of variable modifications were conducted. Each
search focused on a specific set of modifications, e.g. non-oxidative modifications such as
methylation, deamidation, ubiquitylation, or on progressive sets of oxidative modifications
such as 1st, 2nd, 3rd and 4th stage oxidation events of tryptophan. Searching was performed in
the NCBInr database, querying approximately 40,000 Bos taurus sequences. A peptide
homology threshold FDR of 6% was obtained. The various search results were then
compiled per sample and exported to Excel. A collection of Visual Basic scripts was
developed to remove redundancy, count, weight, score and sum the different damage
modifications. Essentially, each targeted modification is given a factor reflecting its severity,
based on its rank in the modification pathway (Dyer et al., 2010). The number of occurrences
of each modification (multiplied by the modification factor) is then weighted against the
number of observed susceptible residues. The sum of weighted scores constitutes the
damage score. In a scenario-based approach, the trade-off between selectivity and sensitivity
as determined by the peptide score acceptance threshold was explored. A score threshold of
35 was chosen as the best compromise. Figure 1 shows the damage scores obtained for the
control and irradiated lactoferrin and B-lactoglobulin samples.

The current version of our scoring model provides a non-oxidative damage score (NODS)
comprising 6 modifications, and an oxidative damage score (ODS) comprising 12
modifications. Together they make up the total damage score (TDS).
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Fig. 1. Damage scores obtained for the control and irradiated lactoferrin and B-lactoglobulin
samples. NODS, non-oxidative damage score; ODS, oxidative damage score.

Lactoferrin starts off with a relatively low TDS, made up of approximately 70% ODS and
30% NODS. After UV irradiation, the lactoferrin TDS more than doubles, with oxidative
damage representing approximately 90% of the TDS.

Lactoglobulin has a much higher base damage level compared to lactoferrin - close to the
damage level of irradiated lactoferrin. The reason for this is unknown, but it is possible that
the process used to produce lactoglobulin includes a step that introduces more damage,
compared to the process for lactoferrin. This finding highlights an additional strength of this
scoring system: unexpected or unsuspected protein damage is revealed. In lactoglobulin,
oxidative damage is responsible for approximately 80% of the TDS in the control sample.
After irradiation, the TDS increases by 11%, with the oxidative damage component seeing a
30% increase.

It is presently unclear why the NODS appears to decrease between the control and
irradiated samples. The fact that this is observed both for lactoferrin and lactoglobulin
suggests that it is a direct or indirect effect of the irradiation. It is possible that some non-
oxidative modifications remain undetected in the irradiated samples because of severe
damage (e.g. crosslinking). Replicate analyses, detailed analysis of the modifications
involved, and comparison with other proteins may help elucidate this further.

Using our scoring system, we observed an approximate doubling of the damage score for
lactoferrin, and a substantial increase for lactoglobulin after irradiation. The ODS, in
particular, increased significantly in the irradiated samples - in accordance with the
experimental design, which strongly favoured oxidative modification.

This provides unequivocal proof that our system is able to detect differences in damage
between control and treated samples using proteomics data.
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6.1.2 Application — Commercial dairy products

With proof of concept established, we sought to apply our scoring system to commercially
available dairy products, and investigate how various processing treatments influenced the
damage score compared to fresh farm-sourced milk, expected to return the lowest damage
score.

Nine commercially available dairy products were sourced from a local supermarket. Milk
sourced directly from a local farm was included in our analysis as an expected low damage
control.

The following samples were included:

e  Farm sourced milk

e Standard fat milk

e Standard fat milk powder

¢ Standard fat milk UHT

e Skim milk UHT

e  Skim milk powder

e Evaporated milk

e Low fat evaporated milk

e Lactose free UHT

e  Skim calcium enriched UHT

Because of challenges associated with the protein concentration dynamic range in dairy,
whey fractions were obtained from all samples in order to eliminate casein.

These fractions were loaded on anion exchange cartridges, and the unretained fraction was
selected for further analysis. This fraction, among many other proteins, contains lactoferrin.
Samples were analysed as described in the previous section. Briefly, samples were reduced,
alkylated, trypsin digested and analysed using LC-MS/MS. Data was imported in
ProteinScape, repeatedly searched using specific sets of variable modifications, and
combined search results were exported to Excel for scoring. As before, a score threshold of
35 was chosen. Figure 2 shows the damage scores obtained for the dairy samples.

Farm sourced milk and standard fat milk have very similar damage levels, although the
NODS for farm sourced milk is slightly higher. In general, the levels of non-oxidative
damage are in the same range in all samples, whereas the ODS differs substantially between
samples, and gives rise to dramatic differences in TDS.

The TDS in standard fat milk powder is increased compared to standard fat milk, likely
reflecting the additional processing step the former has undergone. UHT treatment
dramatically increases the TDS for this product family, giving the highest damage score in
this test. The other UHT-treated products also return some of the highest damage scores,
underscoring the potential of UHT to induce hydrothermal damage, measured primarily as
oxidative side chain modifications.

When heat-treated standard fat products are compared with heat-treated low fat products,
substantially lower overall damage is recorded in the latter. Both standard fat milk UHT
compared to skim milk UHT, and evaporated milk compared to low fat evaporated milk
support this observation. Observations in a range of proteinaceous systems indicate that
lipid oxidation has a synergistic effect with protein oxidation during damaging processing
treatments or environmental insult. Consequently, products with lower lipid levels would
be expected in many damaging conditions to sustain lower oxidative damage. Intriguingly
however, this trend is not observed in powder products, with skim milk powder returning a
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Fig. 2. Damage scores obtained for nine off-the-shelf dairy products and one farm-sourced
milk sample. NODS, non-oxidative damage score; ODS, oxidative damage score.

very high TDS compared to standard fat milk powder. The molecular damage processes
induced during skimming and during food protein spray drying processes therefore require
further investigation.

6.2 Redox proteomics conclusions

In a proof of concept study, we showed that it is possible to detect molecular-level
damage in a redox proteomics context. Specifically, we investigated control and UVB
irradiated lactoferrin and lactoglobulin. This revealed substantial differences in the
amount of oxidative modification and hence damage score between control and treated
samples.

We then applied our damage scoring system to commercially available dairy products. This
represented a significant increase in complexity, with analyses scaled up from individual
proteins in the proof of concept, to the proteome level in the commercial samples. Using LC-
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MS/MS approaches and automated data analysis routines, we were able to successfully
acquire and process data, allowing damage scoring at the sample proteome level.

Scores returned for the dairy samples revealed that differently treated products can harbour
substantial amounts of molecular-level damage. Farm-sourced and standard fat milk had
the lowest levels of damage, while samples that had undergone processing treatments such
as UHT or spray drying, showed elevated damage scores.

The importance of detailed protein damage scoring at the molecular level in food systems,
with direct correlation and implications to holistic product quality parameters, cannot be
overstated. Indeed, the scoring system we have developed is equally applicable to other
protein foods such as meat, seafood, cereal or soy. Global trends indicate growing consumer
awareness of correlations between excessive processing and decreased product quality.
Consumers also increasingly demand pure, untreated, clean and healthy foods. Product
quality parameters such as flavour, odour, eating quality, nutritional value and digestibility
are directly correlated with protein modification and molecular level damage. Therefore,
understanding and evaluating protein quality and function is of crucial importance for the
food industry. It will allow food producers to track and evaluate improvements to
processing parameters, will allow substantiation of marketing claims to increasingly
discerning and knowledgeable consumers, and will ultimately provide the world with
healthier, more nutritious food.

7. Future directions

The application and modification of proteomic approaches to analyse the complexity of food
protein modification is anticipated to become increasingly important in the area of general
food science, quality assurance and product differentiation. In addition, we anticipate further
application of these approaches to understanding food protein modification with respect to
subsequent digestive processes, and to actually tracking the molecular modification and
truncation of proteins during human consumption and digestion. Until now, this area has
been limited by the lack of sensitive and specific technologies to track molecular level damage
mechanisms. However, development of the enabling proteomic technologies summarised in
this chapter indicates that the goal of mapping the complex process of food protein digestion is
attainable. This will facilitate the correlation of modification and digestion profiles with food
quality traits, particularly nutritional and health effects.

Another key area of future development is in the development of advanced food quality and
function. Future step-change advances in meat and dairy biotechnologies, such as advanced
phenotyping for quality traits and predictive selection for resistance to specific oxidative
stresses, will require integrated evaluation at the molecular level. In addition, to truly
understand and control these phenotypes and product attributes, it is critical that proteomics
is linked to lipidomics, as protein and lipid modification are correlated. These approaches have
the potential to open up considerable new areas, enabling study of the networks involving the
functional interactions and pathways of food proteins both in vivo and ex vivo.
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1. Introduction

Obesity has been recognized as a major threat to human health in the 21st century [Yun,
2010]. One of the central causes to such nutritional disturbance relies in the consumption
boost of the so called “fast food”, which is characterized by high levels of fat, salt and sugars
[Rosenheck, 2008]. On the opposite side of the spectrum are the plant fruits, which are
characterized by high levels of relevant nutrients such as phenolic compounds, vitamins and
essential minerals [Prasanna et al., 2007]. Besides its direct positive effects on human health,
fruit intake has also been associated with the prevention of age-related neurodegeneration
and cognitive decline [Spencer, 2010]. Some relevant aspects that may help fruit become an
alternative to the ingestion of “fast food” are its easiness of consumption, which helps in its
fast intake, and attractive organoleptic characteristics, aspects that have driven the “fast
food” adoption by the society. However, fruit are very perishable and most of the species
have a distinct seasonal producing pattern, making access throughout the year a difficult
task and increasing their costs. Therefore, a great effort has been placed to understand the
molecular mechanisms that could affect the pre- and post-harvest life of fruit, based on the
hypothesis that this knowledge could improve the quality and accessibility of these goods to
the society [Palma et al., 2011].

In the present chapter, the main proteomic approaches used to assess fruit development and
ripening are described. Examples that will help the reader understand and recognize the
advantages and drawbacks of each method, in order to decide the one that best suits their
own objectives, are provided.

2. Fruit ontogeny

The ovule, being the female structure that develops into seed, is central for seed-bearing
plant reproduction. During evolution, a specialized structure was generated to protect it,
giving rise to the angiosperms, as opposed to the more ancient gymnosperms. This organ,
termed carpel, encloses the seeds, being the fruit precursor [Scutt et al., 2006]. Carpels
usually are located at the innermost whorl of the angiosperm flower, the so called
gynoecium. Either individual carpels or syncarpic gynoecia (where both organs are fused
together) are divided into tissues which perform distinct roles in reproduction, such as the
ovary, which accommodates the ovules and in which fertilisation takes place [Ferrandiz et
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al., 2010]. Upon ovule fertilisation, the carpel tissues undergo a series of developmental
changes that leads to the formation of the fruit, which not only protects and supports the
developing seeds, but also contributes to its later dissemination [Scutt et al., 2006].

When an ovary develops into a fruit, the ovary wall becomes the pericarp, the fruit wall
which is composed of three layers with characteristics that are species dependent: the
exocarp, mesocarp and endocarp. The first one is the outermost protective layer, also known
as peel or skin. The mesocarp, located at the middle, holds the succulent edible part of fruits
such as peaches and mangoes, among others. The third inner layer is the endocarp [Levetin
& McMahon, 2008].

Fruit can be broadly classified as dry or fleshy. In the former, the pericarp may be hard and
woody or thin and papery [Levetin & McMahon, 2008]. Regarding the latter, virtually all
parts of the total inflorescence structure could be, depending on the species, developed into
fruit flesh, a bulky, succulent parenchymatous tissue that accumulates water and many
organic compounds [Coombe, 1976]. Any of these diverse tissues could be the subject of
study, making a universal protocol for its evaluation a difficult task to fulfil. Additionally, a
variety of fruits are characterized by having large variations in interfering metabolites that
occur during their development, mainly during the process of ripening [Martinez-Esteso et
al., 2011; Palma et al., 2011]. This situation imposes further hurdles to the analysis of the
samples, with one protocol suited for a particular developmental stage not necessarily the
most appropriate for another.

Summary: Fruit ontogeny is quite complex, which entails difficulties in establishing a unique
protocol for the proteomic analysis of their derived tissues. An empirical evaluation is almost
certainly necessary for fruit that has not been tested before, even though certain guidelines can be
followed on the basis of the previous work in the field.

3. Two dimensional gel electrophoresis

The process that leads to the successful completion of the two dimensional gel
electrophoresis (2-DE), meaning a SDS-PAGE gel derived image with well resolved spots
representing a proteome fraction of the fruit tissue under evaluation is comprised by five
main steps: Protein extraction, isoelectrical focusing, equilibration, SDS-PAGE and protein
visualization [Rabilloud & Lelong, 2011]. Since the nature of the fruit tissues is so diverse
and particular, each of the above mentioned steps may have to be improved in order to
achieve a proper final result, often through an empiric evaluation. However some general
guidelines can be given as well as a rational basis to refine these steps.

3.1 Protein extraction from fruit tissues

Plant cells are characterized by the presence of extensive amounts of water, a crucial feature
to maintain cell turgor, which helps the cell to accomplish several physiological processes.
In terms of fruit post-harvest life, the turgor is directly involved in the organ integrity.
However, this characteristic represents an important drawback for the protein extraction,
since the amount of protein present per cell mass is very low due to this massive presence of
water inside the fruit cells [Saravanan & Rose, 2004]. The presence of a cell wall also poses a
difficulty for protein recovery, due to the nonspecific sticking of proteins to this
polysaccharide matrix [Rose et al., 2004]. In addition, unlike other plant tissues, fruit tissues
display a high content of proteases and metabolites such as phenolics, organic acids, lipids,
pigments and polysaccharides, which interfere with protein extraction and gel image
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analysis [Carpentier et al., 2005; Wang et al., 2008]. The presence of such contaminants may
result in horizontal and vertical streaking as well as smearing, with the consequent
reduction in the number of distinctly resolved protein spots on 2-DE gels [Saravanan &
Rose, 2004]. Therefore, for a fruit-based proteomics analysis, the protein extraction method
is a critical issue to address.

Of foremost importance is the avoidance of protein modifications during the extraction
steps in order to diminish the probability of generating artefacts, such as false spots
unrepresentative of the sample under analysis, which can lead to misleading conclusions.
These modifications may be generated by chemical alterations of the proteins [Righetti,
2006] or by biological compounds such as proteases [Rabilloud & Lelong, 2011].

3.1.1 Tissue disruption

Even though tissue disruption could be considered the simplest step, the efficiency of the
entire process relies heavily on this step [Giavalisco et al., 2003]. Based on our extensive
experience on this topic and in the literature, by far the most used and efficient method to
render proteins available for extraction is the liquid nitrogen assisted mortar/pestle method
of tissue grinding (Table 1). Most of the times the finer the powder the higher the protein
yield, therefore the use of auxiliary materials to improve the final grinding result, such as
quartz sand, or equipment such as stainless steel blenders, may be advisable when dealing
with hard, fibrous tissues such as non-ripe firm fruit [Giavalisco et al., 2003; Vincent et al.,
2006]. Few authors report the use of sonication or homogenizers to assist fruit tissue
disruption/sample homogenization [Lee et al., 2006; Di Carli et al., 2011]. Other methods
have been proposed to accomplish similar and more reproducible plant tissue disintegration
techniques such as acoustic related technologies [Giavalisco et al., 2003; Toorchi et al., 2008].
However, these methods require access to specialized equipment.

3.1.2 Sample homogenization

Upon proper cell disruption, the recovered tissue is homogenized. The main objectives of
this step are to capture and separate the proteins from other metabolites that may interfere
with the subsequent proteome characterization. The direct recovery of the proteins from the
disrupted tissues by solubilizing the samples in an IEF lysis buffer has proved to be
inadequate for these kinds of samples [Wang et al., 2003; Carpentier et al., 2005]. Therefore,
alternative and more labour intensive procedures must be used. At least two methods have
been widely used to perform this task and are extensively described in the literature. Tissue
homogenization in an aqueous buffer followed by protein extraction with phenol or protein
precipitation with trichloroacetic acid [Wang et al., 2008]. Importantly, both render proteins
amenable for mass spectrometric analysis [Sheoran et. al, 2009].

In the phenol based method, an aqueous buffer is added to the pulverized tissue, followed
by protein extraction with this solvent [Hurkman & Tanaka, 1986]. The nature of this buffer
may differ greatly among protocols, but is usually composed of reducing and chelating
agents which helps cope with polyphenols, metalloproteases and polyphenol oxidases, salts
that promote protein extraction, and protease inhibitors dissolved in high pH buffer (Table
1). Polyvinylpolypyrrolidone (PVPP) has also been used to adsorb polyphenols, even
though its action is restricted to those molecules in non-ionized states, such as in low pH
environments [Carpentier et al., 2005]. The use of SDS and sample heating has been reported
[Hurkman & Tanaka, 1986; Hu et al.,, 2011], albeit the surfactant should be removed prior



36 Proteomic Applications in Biology

isoelectric focusing (IEF) in order to avoid its interference on this step [Molloy, 2000; Gorg et
al., 2004]. A recent report, where mesocarp proteins from Prunus persica fruit were
evaluated, suggests that the direct phenol extraction of freeze-dried tissue, followed by the
addition of an aqueous buffer, could improve both the protein yield as well as the number
of detectable spots on 2-DE gels [Prinsi et al.,, 2011]. Thus, variations of the method have
been performed, although the most used version is the one described by Hurkman and
Tanaka (Table 1) [Hurkman & Tanaka, 1986].

Regarding the second method, several versions have been generated, most employing the
addition of trichloroacetic acid (TCA) and acetone to a sample extracts to achieve protein
precipitation. This step is followed by resolubilization in an appropriate IEF buffer (see
below). Variations are mainly focused in the solubilisation of the pulverized tissue in an
aqueous buffer, similar to the one used in the phenol based method, prior to the addition of
TCA/acetone [Saravanan & Rose, 2004]. A combination of TCA/acetone washes followed
by phenol-based protein extraction proved to be successful in dealing with plant samples
rich in lipids and pigments, such as mature grape berry clusters [Wang et al., 2003; Vincent
et al., 2006]. These interfering compounds are the main contaminants of the phenol-based
protocol, since they do not partition in the buffer phase during the first steps of this
procedure [Carpentier et al., 2005].

Direct comparisons of these methods, using tissues such as tomato pericarp and grape
berry, indicates that the phenol based procedure outperforms the TCA/acetone
precipitation method both in terms of protein yield and qualitative characteristics of the 2-
DE gels (Table 1)[Saravanan & Rose, 2004; Carpentier et al., 2005]. These differences may
arise from dissimilar capacities of both protocols to nullify the proteases activity, and in
difficulties in resolubilizing the proteins precipitated by the TCA/acetone protocol
[Carpentier et al., 2005]. Since the latter is still the method of choice for many researchers,
alternative methodologies to overcome this problem have been evaluated (see below).

More elaborated pre-treatments have been used for extraction of proteins from highly
recalcitrant tissues, such as grape berry pericarp [Martinez-Esteso et al., 2011]. Mesocarp
were homogenized at 4°C in extraction buffer containing 50 mM Na,HPO; pH 7.0, 1 mM
EDTA, 0.1 M PVPP, 1 mM NaxOsS;, 10 mM ascorbic acid, and a cocktail of protease
inhibitors. The homogenate was filtered through eight layers of cotton gauze and the filtrate
was centrifuged. The resulting pellet was washed once in a buffer containing 50 mM
Na;HPO; pH 7.0, 1 mM EDTA, 0.1 M NaCl, 10 mM ascorbic acid, and recovered by
centrifugation. Afterwards the pellet was cleaned with ethyl acetate:ethanol 1:2 (v/v),
followed by TCA and acetone, as described by Wang and others [Wang et al., 2003;
Martinez-Esteso et al., 2011]. Another alternative cited in the literature, with a similar
performance to TCA/acetone, was used to extract protein from coffee seeds, tissues rich in
polyphenols. Samples were milled with liquid nitrogen and extracted in a solution
containing 0.1 M acetic acid, 3 M urea and 0.01% CTAB. Extracts were then centrifuged and
supernatants were precipitated in an anhydrous solution of acetone and methanol. The
samples were stored at low temperature and then centrifuged. The resulting pellet was
resuspended in an appropriate IEF buffer [Gil-Agusti et al., 2005].

Summary: An efficient tissue disruption using liquid nitrogen assisted mortar and pestle followed by
phenol-based extraction of the proteins has proven to be the best option to achieve a reproducible and
adequate amount of proteins that can be used in the subsequent electrophoretic separation. If the
samples are especially rich in lipids and pigments, an initial wash with organic solvents, such as TCA
and acetone, prior to protein extraction with phenol, is recommended.



37

Fruit Proteomics

LI0T “[e 32 Sueyz 52X X aX. X s8ad ynuea vavSodhy snyovay
£00¢ "Te 1 xnandaq ¢ ¢ X X X X X X X [ X daesoxg viafua sip
$00T "¢ 32 A1teg X X X X X X X wX X daesosay viafiuia syip
T10T “[e 19 0S93SH-ZoUnIeN X X X X X X X X X dresosajn vaafiuia syip
T10T “[® 32 0S9IST-ZoURIeN X X X X X X 28 X X dredtag viafiua syip
900T “T€ 39 JUDUIA X X X X X X X X X WId)s pue SalLIag viafia syip
900T " 32 JuIdUIA X X X X X X X aX o WR)S pue SaLLIdg 10 sy
900C “Te 39 JUDUIA X X 12X X X < X 02X X | wass pue sarag vaafiuia syIp
£00T “Te 3@ Ip[equIiy X X X X X X 61X X X X giSaLLIDg vidfiura sy
£00T e 39 31aqoiney X X X X < X X X drestag wna1s42dooA] wnuvjog
900T “Te 32 0200y X X X X < X X X NIy wndis1adooh] wnuvjog
$00Z ‘9S0Y % UeUERARIEG X X X X X X X X X X dreorag wind1s42dooh] winuvjog
$00T ‘9S0Y 2 ueueAeIeg X X X X X X X X X dreoriag wndisiadooh) winuvjos
$00T ‘9S0Y 2 UeURARIEG X X X X X X X aX X X dreotag wnis1adooh] wnuvjog
6002 “T® 19 TYISaIPd ] X X X X X X ysa[d SInuod Snihg
£00T “Te 12 TY2SaIpa ] X X X X X X X SIYSaL Stunuioo snafig
LI0Z “Te 12 nHq X X X X X X X X X dredopug voistad snunig
TI0T “Te 3@ NH X X X X X X X X X dresosaj vosiad snunig
110T “[e 32 Isuti] X X X X X X X X dredosaj vo1saad snunidg
TI0T “Te 39 ISuLL] X X X X X X X X X drescosay voisiad snun g
0T0T “T® 32 OIN X X oX. X X X X X X X X daedosay voisiad snunidg
£00T T8 39 ueyd X X X X X X X X X X dredosoy voistad snunig
600C “Te 39 ruesiog X X X aX X X X drescosay vo1stad snunig
00T “Te 32 ueyD X X X X X X X X X dresosaj wnay snunig
$00z “I¢ 12 ySnoperieg X X X X X X X dredoxg VUDILIIULD VISII]
anssny
£00T “Te 30 Tonuadre) 1 ¢ X X X X X X X OHESLIA dds vsnyy
9007 “Ie 32 3uog X X X X X X X X X 95X X dresosoN dds vsnyy
900T “[e 30 Buog X X X X X X X X X X 9X X daesosay dds vsny
SaInjnd
G00¢ “Te 32 enuadre) ¢ é X X X X X X X WS dds vsnpy
saInjnd
S00z “Te 3 1enuadie) ¢ ¢ X X X X X X WRISLIDI dds vsnyy
900¢ [ 12 Suog X X X X X X X X X X X sdredriog oysaop SHN
900 “Ie 32 Buog X X X X X X X X X X 9X. X sdreorag poysauiop SnpN
£00T “Te 32 Buayz X X X X X X X 9X. X X 199d voysauLop SN
£00T " 12 3uayz X X X X X X X X D¢ X 193d boysaulop SNIuN
£00T e 32 ouLrens) X X X < X X X dxedopnas vorsaulop SnjvN
apejdadar
600 “Te 39 oouerg 2L 2l X X < X X X JUDSAIDY VSSUUDUD X VLISVL]
£00T “Te 19 Susyz X X X X X X X X X X NIy a[oym USSUUDUY X VYSVL]
/00T “Te 19 Susyz X X X X X X X X X X SHILIY [OYM vsSyUDUY X VLYSVA]
900 " 32 eutafy X X X < X X X 3y A[OyM DSSUUVUD X VLIUSVL]
110C “Te 12 DM X X X X X < X X X dresosajn vjvjjaquin snuSvav|q
0T0T “Te 32 unx X X X < ¢ X sdes 20| DML SN
900T “€ 32 9 X o< X X | onssn reyuaderg wnnuuy wnosdv)
Ies ‘viad
8/L “Toyqryur
-6/v ot q A U3 T S ne NS | NZ Lo YSny je aseajoxd d
Hd |-¢Hd|HHIO | L1 | GHIO | -€4S | -4SV | dVHD [eamonyy | eain Juade pareqnour quage dAd
Juage Suonpar‘e | eseyd omyo | “4res ‘sas Sunpaix Surpund
sajoydury Guonpay juadiareq adonoey) uojade /v | uayd /snoanby | ‘g Hd sty | ‘g Hd st | 1oyQ | passisse IN
$DUIFIY 123ynq uonezijiqnjos/uoisuadsnsay UOLIBLXD UId}OI] 193ynq uoneziusJowoy | uondnisip anssiy, anssiy, saadg

Table 1. Sample preparation
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1. Aqueous/phenol two phase protein recovery followed by cold NH4-acetate dissolved
in methanol precipitation and washes with the same solution and acetone.

2. Sonication.

3. >-higher values than the annotated were used.

4. Triton X-100.

5. Protein extracts obtained from this protocol were further purified using a 2-D Clean-
Up Kit.

6. Stainless steel blender was used prior to mortar and pestle.

7. According to the manufacturer, samples cannot be solubilised in a buffer with any
primary amines, such as ampholites and DTT, if they are to be labelled with DIGE
CyDyes (Chakravarti et al., 2005).

8. Pericarp was reported, even though the succulent tissue from this fruit is denominated
pseudocarp.

9. TCEP.

10. Triton X-100 was added.

11. SDS was added.

12. Final wash used cold ethanol.

13. NP-40.

14. The mixing sequence was inverted, see text.

15. Tissue samples were taken from the equatorial region excluding the skin and core.

16. Variant Il is reported.

17. The mixture was homogenized at low temperature using a polytron PT 10/35 with an
SM standard generator.

18. Berries were cut, deseeded and pulverized with a steel roll-on mechanical grinder half
filled with liquid nitrogen.

19. Frozen powder was vortexed in Tris-HCI (pH 7.5) containing 2 M thiourea, 7 M urea,
2% Triton X-100, 1% DTT and 2% PVPP previous to TCA /acetone wash.

20. Stainless steel blender plus dry ice was used prior to mortar and pestle under liquid
nitrogen.

21. HED.

22. Washed twice with ethanol.

23. Frozen pericarp were directly washed with ethyl acetate:ethanol at -20 °C with periodic
vortexing, and the pellet recovered by centrifugation.

24. Mesocarp were homogenized in 50 mM Na2HPO2 pH 7.0, 1 mM EDTA, 0.1 M NaCl,
PVPP, 1 mM Na205S2, 10 mM ascorbic acid, and a cocktail of protease inhibitors,
filtered, centrifuged, and washed in 50 mM Na2HPO2 pH 7.0, 1 mM EDTA, 0.1 M
NaCl, 10 mM ascorbic acid, and recovered by centrifugation.

25. Raw material was crushed in TCA /acetone.

26. Samples were washed with TCA/acetone, precipitated and finally with phenol plus
DTT. For more details refer to Zhang et al., 2011.

3.2 Isoelectrical focusing

The initial step in the process of two dimensional gel electrophoresis first described by
O'Farrell [O'Farrell, 1975] is based on the protein separation due to their intrinsic charge, in
a process called isoelectric focusing. Even though this procedure is of foremost importance
for the correct completion of the two-dimensional gel electrophoresis, many publications
that deal with fruit tissues rely on protocols developed for animal tissues. Therefore, the
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results are far from optimal and reflected in gels of poor quality and a low number of spots
displayed, greatly undermining the capacity of this approach. A more exhaustive approach
requires the appropriate selection of isoelectric focusing buffer used for the resuspension of
samples. This result in a consistent way to improve the protein profiles detected in 2-DE
gels.

Prior to IEF, proteins should be completely solubilised, disaggregated, denatured and
reduced in order to resolve as many of the molecules as possible [Shaw and Riederer, 2003].
Under these conditions proteins are loaded onto an immobilized pH gradient strip and
subject to increasingly higher field strengths, until they reach their isoelectric point (pI).
However, at this moment, when their net charge is closest to zero, they have a tendency to
aggregate and precipitate [Rabilloud & Lelong, 2011]. In order to overcome these constrains,
methodological procedures have been optimized and a series of chemical reagents tested,
leading to continuous improvements in IEF.

3.2.1 IEF solubilisation buffer

One of the main focuses to improve IEF has been the evaluation and introduction of novel
chaotropes, detergents and reducing agents that could help in sample solubilisation. The
presence of chaotropes, compounds that disrupt non-covalent interactions between the
molecules present in the sample, are essential to render proteins disaggregated and
denatured [Rabilloud et al., 1997; England & Haran, 2011]. However, the exposition of the
hydrophobic patches, normally buried inside these molecules, to a hydrophilic environment
increases the already strong tendency of proteins to precipitate [Molloy, 2000; Rabilloud &
Lelong, 2011]. In order to avoid this phenomenon, surfactants are added to the solubilisation
buffer. Due to their amphipathic nature, these molecules help in the protein dispersion both
through the stabilization of the proteins hydrophobic patches as well as by interacting with
ionic and hydrogen bonds of the molecules in solution. The disruption of intramolecular
and intermolecular disulfide bonds for complete protein unfolding and linearity is also
mandatory, not only at this stage, but also for proper molecular weight based separation in
the SDS-PAGE gels [Molloy, 2000]. This can be accomplished with the use of reducing
agents.

Two different chaotropes, both of which do not display a net electric charge in solution over
the pH range used for IEF, are the most used in at this stage: urea and thiourea [Shaw and
Riederer, 2003; Rabilloud, 2009]. The capacity of the latter to improve the protein
solubilisation has prompted its wide use (Table 1). However, certain constraints to the
composition of the IEF buffer have been imposed by its presence, since thiourea is only
soluble in a water-based buffer when high concentrations of urea are added. In turn, the
most efficient surfactants already tested are not compatible with these urea concentrations,
limiting therefore the amount of thiourea that can be used to solubilize proteins [Rabilloud
etal., 1997].

Among the detergents, the most frequently used is the 3-[(3-cholamidopropyl)
dimethylammonio] propane sulfonate (CHAPS), a sulfobetaine-type switterionic surfactant.
Its compatibility with high urea concentrations commonly used in 2-DE and superior
efficiency compared to nonionic detergents have driven its use [Rabilloud et al., 1997;
Molloy, 2000]. Other alternatives include amidosulfobetaine-14 (ASB14), Sulfobetaine 3-10
(SB 3-10), 4-n-Octylbenzoylamido-propyl-dimethylammoniosulfobetaine (C8®) and 3-(4-
heptyl) phenyl 3-hydroxypropyl dimethylammonio propane sulfonate (C7BzO) [Molloy,
2000; Maserti et al., 2007]. In terms of disulfide reducing agents, thiol-reducing agents and
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phosphines have gained widespread use in 2-DE, being dithiothreitol (DTT) the most often
used. Since DTT is charged, especially at alkaline pH, during IEF it will migrate out of the
gel, with a concomitant loss of solubility for some proteins and 2-DE horizontal streaking
[Herbert, 1999; Molloy, 2000]. Therefore, its use in combination with other reducers or its
substitution by compounds such as tributyl phosphine (TBP), Tris (2-carboxyethyl)
phosphine hydrochloride (TCEP-HCP) and hydroxyethyl disulfide (HED) is advisable
[Méchin et al., 2003; Sarma et al., 2008; Acin et al., 2009; Zhang et al., 2011]. Another
advantage of using phosphines is the possibility of shortening the length of the equilibration
step, therefore diminishing the loss of proteins at this point [Zuo & Speicher, 2000]. This can
be accomplished by performing the reducing and alkylating procedures at the same time,
since the phosphines such as TBP do not react with alkylating agents such as acrylamide
and 2-vinylpyridine [Molloy, 2000].

Salt ions help stabilize proteins; therefore their absence may lead to protein precipitation. One
way to overcome this situation is to add ampholytes to the IEF solution. These molecules
enhance solubility of individual proteins as they approach their pl. They also buffer changes in
conductivity, scavenge cyanate derived from urea, prevent interactions between hydrophobic
proteins and IEF matrix and assist nucleic acids precipitation during centrifugation [Shaw and
Riederer, 2003; Khoudoli et al., 2004; Gorg et al., 2009; Rabilloud & Lelong, 2011].

As expected, improvements in the composition of the IEF solubilisation buffer should help
overcome some of the problems mentioned earlier in this chapter. For instance, the use of a
reducing and an alkylating agent, TBP and 2-vinylpyridine, dissolved in a strong chaotrope
such as guanidine hydrochloride to resuspend a dry fruit (e.g. peanut pegs) protein pellet
obtained after TCA/acetone washes and phenol-based precipitation, have improved the
spot number and resolution on 2-DE gels [Zhang et al., 2011]. Advances in solubilisation of
acetone precipitated plant proteins have also been achieved by incremental changes in the
concentration of Tris-base in the resuspension buffer, with a maximum effect obtained at 200
mM Tris-base. This result was probably due to the reduction in the protein-protein
associations existing at this salt concentration, enhancing their release into the solution [Cho
et al. 2010]. It is important to mention that a final dilution of the high salt IEF buffer was
performed, in order to avoid a possible Joule heating during the focusing process [Wu et al.,
2010; Rabilloud & Lelong, 2011].

Also interesting is the powerful result achieved with maize endosperms proteins when 2%
of the surfactant SB 3-10, which is not compatible with high concentrations of urea, was
combined with urea 5M, thiourea 2M, CHAPS 2%, DTT 20 mM, TCEP 5 mM, and two
carrier ampholites (designated R2D2 by the authors). Compared to the more classical
mixture of urea 7M, thiourea 2M, CHAPS 4%, DTT 25 mM and ampholytes, protein
solubilisation and spot resolution were clearly enhanced [Méchin et al.,, 2003]. A similar
improvement was observed when mesocarp derived P. persica 2-DE protein patterns were
compared among samples resuspended in the R2D2 buffer and the T8 buffer evaluated by
Meéchin and co-authors (Nilo et al., 2011 - submitted).

3.2.2 Sample application

The sample application protocol has also demonstrated its relevance in improving the final 2-
DE protein pattern. The now widely used immobilized pH gradients are supplied as a
dehydrated gel matrix with plastic backing. Therefore, they have to be rehydrated before the
IEF run, by “sample in-gel rehydration” or without the protein samples present in the
rehydration solution by cup-loading or by paper-bridge loading. There are advantages and
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disadvantages for each technique, mainly when working with hydrophobic or very high
molecular weight proteins. Nonetheless, in some cases the use of one or the other method may
be crucial, e.g. very alkaline proteins should be loaded by cup-loading, even though paper-
bridge has been reported as a good alternative especially when samples are scarce and a broad
pl range is to be assessed [Kane et al., 2006; Gorg et al., 2009]. The sample in-gel rehydration
can be performed by a passive or active IPG strip rehydration. The latter option improves the
entry of higher molecular weight proteins into the gel matrix [Gorg et al., 2009].

Recently, a novel strategy for sample loading, called G-electrode-loading method (GELM),
has been introduced [Koga, 2008; Koga and Minohata, 2011]. This method allows a higher
amount of protein to be loaded and therefore available for IEF. However, its performance
has not been tested thus far with fruit derived proteins.

3.2.3 IEF running program improvement

The quality of the IEF is fundamental to achieve high quality 2-DE gels. However, most of
the times an empirical assessment of the IEF program is performed until satisfactory
results are achieved. This process can be time consuming and even be detrimental to the
equipment being used, since the high heat generated by a sample that has not been
properly desalted can burn the IEF machine plastic support where the samples are
applied. For instance, salt interference is highly detrimental for 2-DE reproducibility, with
concentrations lower than 10 mM recommended [Heppelmann et al., 2007]. Salt ions may
affect IEF by slowing down its progression due to increased conductivity; producing
artefacts and inducing protein modifications. Unfortunately, mandatory salt removal
procedures will lead to sample loss and can result in the generation of a technical bias
[Wu et al., 2010]. Therefore careful and reproducible procedures have to be implemented
to deal with this kind of contamination.

One of the symptoms of salt contamination is the generation of a low voltage during the initial
focusing of the IPG strip, which leads to suboptimal focusing. The presence of protein gaps
and of streaking at the end of second dimension gels are also indicators of this problem
[Heppelmann et al., 2007]. An estimation of salt conductivity, through the use of instruments
such as portable conductivity meters, could help to confirm the presence or absence of salts as
the source of these problems [Wu et al., 2010]. Additionally, it has been reported that IPGs
washes, even when the focusing process has already commenced, could help to get remove
salts and help to achieve adequate 2-DE results [Heppelmann et al., 2007].

In order to evaluate and compare results from different IEF runs the Volt hour (Vh) values
should be recorded. The Vh reflects the total supplied energy to the system and should be
optimized to produce the lowest value. The amount should be sufficient to reach a steady-
state IEF, appropriate for protein focusing. This will depend on the sample, but also on the
pH gradient, the IEF gel size and the amount of protein loaded (Table 2) [Gorg et al., 2009].
One way to avoid the cumbersome empirical evaluation of the IEF program for each new
sample would be the use of a recently published algorithm, designed to predict the total Vh
required for proper protein focusing during IEF [Wu et al., 2010].

Summary: IEF quality is fundamental in achieving high quality 2-DE gels. Besides the appropriate
selection of IEF resuspension buffer components, some of which are almost standard nowadays (e.g.
urea, thiourea, CHAPS, DTT), a careful evaluation of the sample application procedures and program
settings required for reproducible IEF are crucial. High salt concentrations in the sample must be
avoided. It is highly advisable that all of these points have been evaluated and optimized prior to
running highly expensive experiments with scarce samples.
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Species Tissue IEF Program pIlrange | IEF | #spots Image Spot References
Pre-focusing | Final gel |analyzed| analysis | visualization
step kVh size !
Passive | Active (cm)
Capsicum Placental tissue 22 ? ? 4-7;4.5- ? 1200; Melanie IV ] Coomassie Lee et al., 2006
annuum 5.5;5.5-6.7; 600; 550;
69L 200
Citrus Juice sacs X 80 4-7L 17 489 PDQuest Coomassie Yun et al., 2010
reticulata
Elaeagnus Mesocarp ? ? ? 4-7L ? 1030 PDQuest Silver Wu etal., 2011
umbellata
Fragaria x Whole fruit X 73 | 3-10NL 24 1000 DeCyder DIGE Hjerne et al., 2006
ananassa
Fragaria x Whole fruit X 30 3-11L 18 956 PDQuest | SYPRO Ruby | Zheng et al., 2007
ananassa
Fragaria x Whole fruit X 30 3-11L 18 1368 PDQuest | SYPRO Ruby | Zheng et al., 2007
ananassa
Fragaria x Accrescent X 27 3-10 (?) 18 622 Image DIGE Bianco et al., 2009
ananassa receptacle Master 2D
Platinum
Malus Pseudocarp X 52 4-7L 18 470 PDQuest Coomassie | Guarino et al., 2007
domestica
Malus Peel X 30 3-11L 18 849 PDQuest | SYPRO Ruby | Zheng et al., 2007
domestica
Malus Peel X 30 3-11L 18 1422 PDQuest | SYPRO Ruby | Zheng et al., 2007
domestica
Malus Pericarp X 30 | 3-11NL 11 500 PDQuest Silver Song et al., 2006
domestica
Malus Pericarp X 30 | 3-11NL 11 500 PDQuest Silver Song et al., 2006
domestica
Musa spp Meristem cultures| X 60 3-10 (?) 24 1348 Image Silver Carpentier et al.,
Master 2D 2005
Platinum
Musa spp Meristem cultures| X 60 3-10 (?) 24 1500 Image Silver Carpentier et al.,
Master 2D 2005
Platinum
Musa spp Mesocarp X 30 | 3-11NL 11 394 PDQuest Silver Song et al., 2006
Musa spp Mesocarp X 30 | 3-11NL 11 394 PDQuest Silver Song et al., 2006
Musa spp Meristematic X 55 4-7L 24 1657 Image Coomassie Carpentier et al.,
tissue Master 2D 2007
Platinum
Persea Exocarp 140 | 3-10NL 18 ? ImageMast | SYPRO Ruby | Barraclough et al.,
americana er 2004
2D Elite
software
Prunus avium Mesocarp 9 3-10 (?)? 13 600 Image Coomassie Chan et al., 2008
Master
2D Elite
software
Prunus persica Mesocarp X 68 4-7L 17 600 Image DIGE Borsani et al., 2009
Master 2D
Platinum
Prunus persica Mesocarp 7 3-10 (?)3 13 ? Image Coomassie Chan et al., 2007
Master
2D Elite
software
Prunus persica Mesocarp X 70 | 3-10NL 17 242 Delta 2D DIGE Nilo et al., 2010
Prunus persica Mesocarp X 90 | 3-10NL 24 1128 Image Coomassie Prinsi et al., 2011
Master 2D
Platinum
Prunus persica Mesocarp X 90 | 3-10NL 24 516 Image Coomassie Prinsi et al., 2011
Master 2D
Platinum
Prunus persica Mesocarp X 65 5-8L 24 601 PDQuest Coomassie Hu et al.,, 2011
Prunus persica Endocarp X 65 5-8 L 24 714 PDQuest Coomassie Hu et al., 2011
Pyrus Flesh X 24 5-8 L4 24 800 Image Silver Pedreschi et al.,
communis Master 2D 2007
Platinum
Pyrus Flesh X 91 4-7L 24 ? Progenesis DIGE Pedreschi et al.,
communis 2009
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Species Tissue IEF Program pIlrange | IEF | #spots Image Spot References
Pre-focusing | Final gel |analyzed| analysis | visualization
step kVh size !
Passive | Active (cm)
Solanum Pericarp X 100 4-7L 17 679> | Progenesis | Coomassie | Saravanan & Rose,
lycopersicum 2004
Solanum Pericarp X 100 4-7L 17 679> | Progenesis | Coomassie | Saravanan & Rose,
lycopersicum 2004
Solanum Pericarp X 100 4-7L 17 679> | Progenesis | Coomassie | Saravanan & Rose,
lycopersicum 2004
Solanum Fruit X 72 4-7L 24 638 PDQuest Coomassie Rocco et al., 2006
lycopersicum
Solanum Pericarp X >64 4-7L 24 1730 Image Silver Faurobert et al.,
lycopersicum Master 2D 2007
Platinum
Vitis vinifera Berries X 105 | 3-10 NL 18 792 Image Coomassie |Giribaldi et al., 2007
Master 2D
Platinum
Vitis vinifera Berries and stem X 85 | 3-10NL 17 326 PDQuest Coomassie | Vincent et al., 2006
Vitis vinifera Berries and stem X 85 | 3-10NL 17 844 PDQuest Coomassie | Vincent et al., 2006
Vitis vinifera Berries and stem X 85 3-10 NL 17 942 PDQuest Coomassie | Vincent et al., 2006
Vitis vinifera Pericarp X 56 | 3-10NL 18 921 Progenesis DIGE Martinez-Esteso et
al,, 2011
Vitis vinifera Mesocarp X 56 | 3-10NL 18 804 Progenesis DIGE Martinez-Esteso et
al,, 2011
Vitis vinifera Mesocarp X 120 | 3-10NL ? 270 PDQuest Coomassie Sarry et al., 2004
Vitis vinifera Exocarp X 64 | 3-10NL ? 700 Image Coomassie |Deytieux et al., 2007
Master 2D
Platinum
Arachis Peanut pegs X >80 3-10? 11 ? Dymension Silver Zhang et al., 2011
hypogaea 111

Table 2. 2-DE Conditions

1. Maximum number evaluated.

2. Not determined.

3. Gels were polymerized in glass tubes: The IEF gel solution contained 10% NP-40, 30%
w/v acrylamide, 9.5 M urea, 10% ammonium persulfate, and an equal mixture of 2%
carrier ampholytes pH 3.5-10 and 5-8.

Other pl ranges were also reported.

5. A clear indication of the differences in the number of spots detected is not delivered.

=

3.3 Equilibration and SDS-page

After IEF, focused protein samples must be negatively charged with SDS to ensure exclusive
molecular weight based separation during the second dimension. In parallel, proteins must
be reduced and alkylated, a pre-requisite for keeping proteins unfolded during the SDS-
PAGE step. This objective is accomplished in two main steps. First, the proteins are reduced
by the action of DTT, and subsequently they are alkylated in the presence of iodoacetamide.
Even though Gorg and colleagues have set the proper conditions for IPGs equilibration
[Gorg et al., 2009], improvements can be achieved by speeding-up the process. These would
allow a reduction in the levels of proteins lost during this step [Zuo & Speicher, 2000]. One
way to achieve this task is to use vast excess of a high specific low molecular mass
disulphide, which blocks the cysteines thiols [Olsson et al., 2002; Rabilloud, 2010]. Another
option is to reduce and alkylate cysteine residue thiol groups prior to the IEF step, by using
reagents such as TBP and 2-vinylpyridine [Zhang et al., 2011].

Regarding SDS-PAGE, some alternatives that may allow the strengthening of the fragile
acrylamide-bis-acrylamide based matrix have been identified. However, their use has been
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restricted due to problems associated with mass spectrometry (MS) incompatibility or by
negatively affecting the electrophoresis itself. This has precluded the generation of large
gels, which would have a much better resolution since this parameter is dependent on the
surface area of the gel [Rabilloud, 2010]. An alternative to these large gels is to improve the
area occupied by the spots during the second dimension in the conventional gels. This can
be achieved through the generation of acrylamide gradients, which can encompass diverse
ranges. Due to the difficulty in achieving reproducible gradient home-cast gels, their use is
not widespread, with adoption by few authors whose work is summarized in Table 1 and 2
[Lee et al., 2006; Song et al., 2006; Nilo et al., 2010]. Finally, the 2-DE reproducibility heavily
relies on this part of the process, with most of the noise and technical bias being generated at
this stage [Choe and Lee, 2003; Lilley and Dupree, 2006]. Therefore, extreme care must be
taken in order to avoid technical derived artefacts.

Summary: Equilibration is a well-defined and very important step of 2-DE, even though some
improvements in the process can still be accomplished. Regarding SDS-PAGE, an increment in the
gel resolution can be achieved through the use of acrylamide gradients. Due to the fact that SDS-
PAGE is not a steady-state separation technique, an additional effort must be employed in order
achieve highly standardized running conditions.

3.4 Protein visualization

After completion of SDS-PAGE, several alternatives are available for the detection of the
protein spots present in this matrix. Some of them, such as Coomassie Brillant Blue (CBB)
and its variant, colloidal Coomassie Brilliant Blue, as well as silver staining, are readily
accessible and cost effective. Their use enables the detection of proteins in the sub-
microgram range. However, silver has quite a poor linear dynamic range and proteins
excised from gels stained by this means can be problematic to identify by MS [Patton, 2000].
Alternatives to these methods which are more sensitive (detection limit in the picogram
range) as well as more reliable for protein quantitation, due to their linear dynamic range of
at least three orders of magnitude, are the fluorescent dyes. Among the most sensitive are
the Deep Purple (DP) and SYPRO Ruby (SR). Additionally, some of these fluorescent stains
allow the detection of post-translational protein modifications on 2-DE gels, such as
glycoproteins and phosphoproteins [Patton, 2000; Rieder 2008, Gauci et al., 2011].

Other factors that must be considered when choosing the visualization method are the inter-
protein variability, ease of use, compatibility with subsequent MS analyses, among others
[Gauci et al., 2011].

3.4.1 Difference gel electrophoresis — DIGE

Difference gel electrophoresis (DIGE) is a powerful tool for proteomics analysis. It provides
the user with an internal standard control on each gel run, therefore strengthening the
process of image comparison, which leads to more statistically robust results [Unlii et al.,
1997; Lilley and Dupree, 2006]. Additionally, in the same way as other fluorophores, like DP
and SR, allow the detection of protein amounts below the nanogram threshold [Patton, 2000;
Gauci et al., 2011].

However, the use of this technology imposes several restrictions that may hamper its use
when working with fruit samples. First, the protein concentration recommended by the
manufacturers is of 5-10 mg/ml, which is not easy to achieve from fruit samples. Second,
the sample pH needs to be adjusted to between 8.0 and 9.0. Fruit are characterized by
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having highly acid components, which makes this adjustment a difficult task. In fact, since
pH is adjusted with NaOH or Tris-HCI, it may lead to an increase of salts present in the
sample, and therefore poor IEF [Tannu & Hemby, 2006; Wu et al., 2010]. Third, since the
cye-dye labelling process must be performed at low temperatures, the solubility of
compounds present at high molarity, such as thiourea and urea [Wahl et al., 2006], and also
of detergents such as SB 3-10, will decrease. Since these molecules have proved very
important to keep the proteins soluble for IEF, this situation may be detrimental in obtaining
consistent 2-DE gels.

Summary: The use of fluorescent dyes to detect the presence of protein spots on 2-DE gels is
advantageous both in terms of sensitivity, specificity and linearity. However, the requirement of high-
cost equipment to excite and detect the fluorescence emitted by these molecules imposes some
restrictions to their broad use. Some hurdles must also be addressed, concerning the use of the DIGE
technology, to fully exploit its advantages for fruit proteome characterizations.

4. Literature evaluation - Fruit proteomics

A comprehensive search of the literature lead to the identification of 30 publications,
produced in the last seven years, where 2-DE gels with fruit protein samples had been
evaluated. Over 40% of the studies were performed by using well established plant fruit
models such as tomato (Solanum lycopersicum), grape (Vitis vinifera) and peach (Prunus
persica) (Figure 1A). The economical relevance of these species is also clear, with grapes been
the most cultivated fruit plant throughout the world [Alexander & Grierson, 2002; Shulaev
et al., 2008; Giribaldi & Giuffrida, 2010].
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Fig. 1. General evaluation of the data displayed on Tables 1 and 2. The pie charge on A
illustrates the species that have been assessed through a proteomic 2-DE gel based
approach. Most of these evaluations have been performed using Coomassie based
procedures (B).

One of the main goals of 2-DE is to maximise the numbers of detectable spots [Khoudoli et
al., 2004]. Therefore, this criterion could be used to evaluate some of the parameters
collected from the fruit proteomic literature (Tables 1 and 2), and used to discriminate which
method would be the most relevant in order to achieve high quality 2-DE gels. However,
there are a series of variables that may influence this parameter, as mentioned earlier. For
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instance, it has been reported that the number of spots detected in a gel are largely
dependent on the software package used [Stessl et al., 2009; Dowsey et al., 2010]. The
progress in these programs as well as the report in the literature of other quality parameters
associated with spot resolution, such as intensity and circularity, could help to improve this
kind of evaluations.

Contrary to what one would expect from the previous statement, by far the most used
procedure to detect spots on 2-DE gels is the least sensitive, that being coomassie staining
(Table 2 and Figure 1B). This is probably due to the simplicity of the protocol and associated
the low costs. However, Carpentier et al. was able to reach the highest level of spot detection
in the literature (Table 2) by using the most sensitive version of this staining protocol,
colloidal coomassie, with 24 cm gels and loading as much as 400 micrograms of protein per
gel [Carpentier et al., 2007].

Another striking point is the broad inclusion of thiourea, CHAPS and also of Triton X-100 in
the IEF buffer. The use of more powerful surfactants is less popular, possibly due to lack of
information regarding the benefits of their use. A similar phenomenon can be observed
regarding the gel size, which is still mainly limited to 17-18 cm (Table 2). Regarding the
method of IPG sample in-gel rehydration, the passive mode was preferred over the active
for most of the researchers.

5. Concluding remarks

Despite the enormous relevance of fruit for human nutrition and its usefulness as a powerful
biological model to understand processes of great scientific interest, to date fruit from very few
species have been assessed through the use of 2-DE technology. As described in this chapter,
this may be due to the intrinsic complexity of the fruit samples, which hampers the adequate
development of the 2-DE generating process if a minimal set of precautions are not followed.
Fortunately, several of the cited publications have reached outstanding results, which foster
the use of this powerful proteomic tool to dissect the fruit associated phenomena under
evaluation. Regarding the protein extraction method, the use of phenol-based approaches has
proved to be superior compared to the other alternatives published. The development of
alternative non-toxic compounds, with similar efficiency to extract proteins, but less prone to
solubilize phenols and lipids, would be of great importance.

It is interesting to stress that there are no discernable trends in the use of protein
solubilisation cocktails (Table 1). Few publications have addressed this point using a
systematic assessment, probably due to the enormous number of factors that would have to
be confronted. In other systems, the Taguchi method, a statistical tool that allows the
evaluation of a limited number of experiments that generates the most information, has
been used to achieve this goal [Khoudoli et al., 2004; Rao et al., 2008]. Using solely animal
tissues, Khoudoli and colleagues were able to improve 2-DE gel aspects such as resolution
and reproducibility [Khoudoli et al., 2004]. To date no similar studies have been performed
with fruit tissues, even though similar enhancements were achieved by others with maize
endosperms when similar guidelines were followed, namely combinations of zwitterionic
detergents and optimization of the concentration of carrier ampholytes [Méchin et al., 2003].
In parallel, the development of an algorithm to improve the IEF running protocol by
estimating the optimal amount of Vh required for protein focusing [Wu et al., 2010], will
also be of invaluable interest for those that are beginning to work with scarce, complex fruit
derived samples.
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1. Introduction

Bovine Viral Diarrhea Virus (BVDV) is a single-stranded RNA virus in the Pestivirus genus
within the Flaviviridae family. BVDV infections are seen in all ages and breeds of cattle
worldwide and have significant economic impact due to productive and reproductive losses
(Houe 2003). Two antigenically distinct genotypes of BVDV exist, type 1 and 2 (Ridpath et al.
1994). BVDV of both genotypes may occur as cytopathic (cp) or noncytopathic (ncp)
biotypes, classified according to whether or not they produce visible changes in cell culture.
Data indicate that cp biotypes of BVDV can actually be created through internal deletion of
RNA of ncp biotypes, or through RNA recombination between ncp biotypes (Howard et al.
1992). Of the two BVDV biotypes, infection of a fetus by ncp BVDV can result in persistently
infected (PI) calf that sheds the virus throughout its life without developing clinical signs of
infection. PI animals are the major disseminators of BVDV in the cattle population and have
been the cause of severe acute outbreaks (Carman et al. 1998). However cp BVDV is
associated predominantly with animals that develop mucosal disease (MD), which can be
acute, resulting in death within a few days of onset, or chronic, persisting for weeks or
months before the afflicted animal dies (Houe 1999).

The interaction of BVDV with its host has several unique features, most notably the capacity
to infect its host either transiently or persistently (Liebler-Tenorio et al. 2002; Bendfeldt S
2007). Initially the virus binds to CD46, a complement receptor expressed on lymphoid cells,
monocytes, macrophages and dendritic cells and serving as a “magnet” for several viral and
bacterial pathogens (Cattaneo 2004). Upon entry, the virus replicates and spreads in the
lymphatic system, impairing the immunity of the infected animal, particularly antigen
presenting cells (APC) function and production of interferons (IFN). Cytopathic BVDV
biotype but not ncp biotype (Schweizer & Peterhans 2001) is implicated in the induction of
apoptosis (Zhang et al. 1996; Schweizer & Peterhans 1999; Grummer et al. 2002; Jordan et al.
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2002), and the existence of the two antigenically related biotype ‘pairs” makes BVDV an
important model for virus-induced apoptosis. In addition, cp BVDV readily trigger IFN
type-1 whereas infection with ncp BVDV fails to induce IFN generation (Peterhans et al.
2003). Also, BVDV has been reported to modulate functions of immune cells after infection
in vitro including increased production of nitric oxide from infected macrophages (Adler et
al. 1994), decreased production of TNF-a from activated macrophages (Adler et al. 1994),
inhibited phagocytosis of alveolar macrophages (Brewoo et al. 2007) and decreased T-
stimulatory ability of monocytes (Glew et al. 2003). Phagocytosis and macropinocytosis
antigen uptake mechanisms play a crucial role in the innate immune responses by clearing
pathogens at sites of infection. The endothytic pathways are also important early steps in
triggering the adaptive immune responses which require processing of bacterial and viral
pathogens and presentation of their antigens to CD4+ and CD8+ T cells (Boyd et al. 2004).
Since BVDV viruses are able to affect virtually all organs and systems in the body, including
the innate and the adaptive immune system, it is important to know the mechanistic
framework for the viral-host interactions in the complex etiology of the disease. The
availability of BVDV genome sequence makes it a suitable target for genome-wide analyses.
However, the corresponding viral proteome, the alterations in host proteomes upon BVDV
infection and the dynamic nature of the BVDV proteins remain largely unknown.

New developments in comparative and quantification proteomics technology, especially
mass spectrometry (MS), enabled a more comprehensive characterization of virions, protein
location, protein isoforms and post-translational modifications, as well as protein-protein
interactions involved in virus-host dynamics. One example on the application of these new
advances is in the detection of virion protein composition that helped in identifying the role
of specific viral proteins during infection. Since BVDV is an enveloped virus, it has a
considerable potential to incorporate both viral and host proteins into its membrane as well
as into the envelope, and these can be present at low levels, making their detection difficult
using traditional methods. In recent viral proteomics studies, several different MS
approaches (e.g., matrix-assisted laser desorption ionization (MALDI)-time of flight (TOF)
mass spectrometry and LC-MS/MS) were successfully used to analyze the composition of a
variety of virions, leading to the identification of previously unknown components of viral
particles. For example, two enveloped viruses, SARS and HIV-1 were analyzed by these
techniques and the investigators were able to confirm and identify virion proteins (Maxwell
& Frappier 2007). Accurate identification of BVDV virion proteins is possible using these
methods.

In this review, we discuss the work that has been done to date using proteomic-related
approaches to understand BVDV viral protein structure, viral protein-protein interactions
and viral-host protein interactions. At the end of each section we refer to some examples of
new proteomics approaches that have been successfully used for different viral studies that
can be applied for studying BVDV to develop a better understanding of its pathogenesis.
We also include the effects of BVDV viral infection on host cell proteome where we place
particular emphasis on MS-based approaches, highlighting how these new approaches
facilitated the understanding of BVDV pathogenesis at a genomic scale.

2. Structural proteomics

The availability of genome sequences coupled with advances in molecular and structural
biology guided the development of structural proteomics. Availability of three-dimensional
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structure information elucidates protein function and identifies targets for the attenuation of
virus’s replication. Currently, the Protein Data Bank (PDB) (H.M. Berman 2000) contains
eight structures for BVDV-encoded proteins, all of which were solved in the past seven
years (Table 1). In contrast, the whole Flaviviridae family has 312 protein structures.

Protei PDB Type of structural ~ Release
rotein accession Reference
data date

number
RdRp (BVDV CP7-R12 RdRp X-RAY (Choi et al.
(residues 3189-3907)) 201Q DIFFRACTION 2006-07-19 2006)
*NS5A (NMR structure of the
in-plane membrane anchor (Sapay et al.
domain [1-28] of the 2A]] SOLUTION NMR  2005-08-23 2006)
monotopic NS5A of BVDYV)
*NS5A (NMR structure of the
in-plane membrane anchor Grary vl
domain [1-28] of the 2AIM SOLUTION NMR 2005-08-23 20012)}’ ’
monotopic NS5A from the
BVDV)
*NS5A (NMR structure of the
in-plane membrane anchor (Sapay et al
domain [1-28] of the 2AJN SOLUTION NMR  2005-08-23 20012) yeta
monotopic NS5A from the
BVDV)
*NS5A (NMR structure of the
in-plane membrane anchor iy i
domain [1-28] of the 2AJO SOLUTION NMR  2005-08-23 200]56’) yeta
monotopic NS5A from the
BVDV)
RdRp (Crystal structure of .
RdRp construct 1 (residues 71- 1548 éﬁ??g ACTION 2004-04-06 5(58:)1 et al.
679) from BVDV)
RdRp (Crystal Structure of
RdRp construct 1 (residues 71- X-RAY (Choi et al.
679) from BVDV complexed 1549 DIFFRACTION  2004-04-06 2004)
with GTP)
RdRp (Crystal Structure of XRAY (Choi et al
RdRp construct 2 (Residues ~ 154F DIFFRACTION 2004-04-06 2004)

79-679) from BVDV)

Table 1. BVDV proteins structure. *For details on the differences between the four structures
see indicated reference

BVDV genome is a positive-sense ssRNA of approximately 12.6-kb in length (Meyers et al.
1997; Brett D. Lindenbach 2007). The BVDV genome comprises a 5 and 3’ untranslated
regions (UTR), which flank a single open reading frame (ORF) (Collett et al. 1988; Brett D.
Lindenbach 2007). The BVDV genome is translated into a single polyprotein NH2-Npro-C-
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Erms-E1-E2-P7-NS2-3-NS4A-NS4B-NS5A-NS5B-COOH (Collett et al. 1988; Meyers et al. 1997;
Brett D. Lindenbach 2007) (Figure 1). Upon synthesis, by a combination of host and viral
proteases, the BVDV polyprotein is processed into at least four structural (C, Ems, E1, E2)
and six non-structural (NS2, NS3, NS4A, NS4B, NS5A, NS5B) proteins required for viral
assembly and replication.

NS  Structural Proteins Nonstructural Proteins (NS)

I ] W ]

5'UTR JUTR

Fig. 1. BVDV genome structure

Among the NS proteins, NS5B has been shown to be the BVDV RNA-dependent RNA
polymerase (RdRp) which is responsible for genomic replication as a part of larger,
membrane associated, replicase complex (Brett D. Lindenbach 2007). Since BVDV uses a
primer-independent (de novo) mechanism for RNA replication, its RNA polymerase requires
GTP for initiating RNA synthesis (Brett D. Lindenbach 2007). 2.9 °A X-ray crystallography
structural data of BVDV strain NADL RdRp revealed that it possesses a GTP N-terminal
domain and identified the GTP-specific binding site required for de novo initiation (Choi et
al. 2004). Comparison of the 2.6 °A X-ray crystal structure of BVDV CP7-R12, a BVDV CP7
polymerase recombinant with a single amino acid duplication of Asn438 (Choi et al. 2006),
with the NADL BVDV polymerase showed that the alterations in the RdRp of the CP7-R12
derived mutant viruses could be allocated to a large fragment of the N-terminal domain
indicating the role of this domain in the translocation of the template during catalysis. In
addition, the study showed the formation of an unstable loop due to the insertion of an
additional Asn438 in CP7-R12, which may account for the low replication activity of the
mutant polymerase in vivo (Gallei et al. 2004).

BVDV NS5A function is not well determined. Three-dimensional NMR structure analyses of
the membrane anchor (1-28) of NS5A from BVDV performed either in 50% TFE or in SDS
micelles to mimic the membrane environment revealed that the N-terminal membrane
anchor of NS5A includes a long amphipathic a-helix (aa 5-25). It interacts in-plane with the
membrane interface and is divided into two portions separated by a flexible region centred
around residue Gly19 (Sapay et al. 2006). The amphipathic a-helix exhibited a hydrophobic
side buried in the membrane and a polar side accessible from the cytosol. These data were
also confirmed and supported by molecular dynamic simulation at a water-dodecane
interface. Despite the lack of amino acid sequence similarity, this amphipathic a-helix shows
a common structural feature with that of the Hepatitis C virus (HCV). The phosphorylation
state of NS5A is believed to be vital for HCV replication complex.

In addition, on the basis of sequence alignments of HCV and BVDV NS5A proteins, four
cysteine residues involved in zinc binding were identified. BVDV secondary structure
assignments of these were determined by computer prediction with the PSIPRED algorithm
(Tellinghuisen et al. 2006).
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Due mostly to solubility issues, generating structures using NMR and X-ray crystallography
have been successful for only a small fraction of viral proteins. In contrast, the recent use of
high-throughput approaches for multiple viral proteins structures and functions, for
example, SARS virus enabled the investigators to elucidate the viral protein structure with
high resolution.

3. Protein interactions

Physical interactions of viral proteins between each other and with their host proteins are
important in allowing the pathogen to enter the host cell, manipulate host cellular processes,
replicate and infect other cells. Identifying protein-protein interactions during the course of
infection enables researchers to better understand the role of host-pathogen interactions and
how these interactions affect infection, disease progression and the host immune response.
Since interaction of intracellular infectious agents like BVDV with their host cells are mainly
at the protein level, proteomics is the most suitable tool for investigating these interactions.

3.1 Virus protein-protein interactions

Physical association of viral proteins is important in the initial virus-host interaction and
immune response against structural proteins. For example, by co- and sequential immuno
precipitation a direct interaction of Ems with E2 was reported very early after translation and
showed to form a covalently linked heterodimer, which is later stabilized by disulfide bonds
(Lazar et al. 2003). This interaction exists in both cp BVDV-infected MDBK cells and secreted
virions.

Various cellular and viral processes are dependent on phosphorylation and
dephosphorylation of specific proteins. Phosphorylation of multiple Flavivirus NS5 proteins
correlates with subcellular localization and ability to associate with NS3. Studies of virion
morphogenesis by immunoprecipitation show that the BVDV NSB5A is phosphorylated by
its associated serine/threonine kinase (Reed et al. 1998). Phosphorylation of NS5A may play
arole in BVDV life cycle.

Analysis by radioimmunoprecipitation assays followed by SDS-PAGE under nonreducing
conditions revealed that the envelope BVDV glycoproteins E1 and E2 interact through a
disulfide bond to form a dimer (Weiland et al. 1990), which is thought to be a functional
complex present on the surfaces of mature virion. In a follow up study, 30 min post-pulse,
both E1 and E2 interacted independently and simultaneously with calnexin, an ER
chaperone (Branza-Nichita et al. 2001). The inhibition of calnexin binding to the envelope
proteins by a-glucosidase inhibitors resulted in the misflolding of those proteins and a
decrease in the formation of E1-E2 heterodimers (Branza-Nichita et al. 2001).

Cp BVDV-infected cells were metabolically labeled and their proteins crosslinked with the
cell-permeable and thiol-cleavable cross-linker DSP followed by immunoprecipitation with
BVDV protein specific antiserum. Although not sufficient to establish direct protein-protein
interactions, results indicate associations between NS3, NS4B, and NS5A (Qu et al. 2001).

3.2 Virus-host interacting partners

Identifying interactions between viral proteins and host proteins is important for
understanding the mechanisms used by BVDV for successful replication and invasion of
their host. Studies used the yeast-two hybrid (Y2H) screening system to screen individual
BVDV proteins for host binding partners (Table 2). For example, using Y2H it was
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Virus-host protein partner Method Reference
NS3-SphK1 Y2H (Yamane et al. 2009a)
NS5A-a subunit of eEF1A Y2H (Johnson et al. 2001)
NS5A-NIBP Y2H (Zahoor et al. 2010)
NS2-Jiv Co-precipitation (Rinck et al. 2001)

Table 2. BVDV-host interacting proteins

demonstrated that NS3 from BVDV binds to and inhibits the catalytic activity of
sphingosine kinase 1 (SphK1). NS3- SphK1 binding enhance BVDV replication and BVDV-
induced apoptosis (Yamane et al. 2009a).

Using Y2H screening, the a subunit of bovine translation elongation factor 1A (eEF1A)
was shown to interact with the NS5A polypeptide of BVDV (Johnson et al. 2001). This
interaction was further analysed in a cell-free translation system and was found to be
conserved among BVDV isolates of both genotypes and biotypes. Cell-free binding
studies were done using a chimeric NS5A fused to glutathione S-transferase (GST-NS5A)
expressed in bacteria. GST-NS5A bound specifically to both in vitro translated and
mammalian cell expressed eEF1A. This interaction was suggested to play a role in the
replication of BVDV (Johnson et al. 2001).

In addition, Y2H screening identified bovine NIK- and IKK-binding protein (NIBP), which
is involved in protein trafficking and nuclear factor kappa B (NF-xB) signalling in cells
(Zahoor et al. 2010). The interaction of NS5A with NIBP was confirmed both in vitro and in
vivo. Supporting this data, confocal immunofluorescence results indicate that NS5A co-
localized with NIBP on the endoplasmic reticulum in the cytoplasm of BVDV-infected cells.
Moreover, the minimal residues of NIBP that interact with NS5A were mapped as aa 597-
623. In addition, overexpression of NS5A inhibited NF-«B activation in HEK293 and LB9.K
cells. The same study also showed that inhibition of endogenous NIBP by RNAi enhanced
virus replication, indicating the importance of NIBP in BVDV pathogenesis. This is the first
reported interaction between NIBP and a viral protein, suggesting a novel mechanism
whereby viruses may subvert host-cell machinery for mediating trafficking and NF-«B
signaling (Zahoor et al. 2010).

Efficient generation of NS2-3 cleavage product NS3 is required for the cytopathogenicity of
the pestiviruses. Co-precipitation was used to identify the formation of a stable complex
between Jiv, a member of the DnaJ-chaperone family, and BVDV nonstructural protein NS2
(Rinck et al. 2001). Jiv has the potential to induce in trans cleavage of NS2-3.

While Y2H data is commonly used for identifying protein-protein interaction, results of this
technique are dependent on the library screened, the relative representation of each cDNA
and the expression level of individual proteins. Also, immunoprecipitation approaches are
dependent on the availability of high specificity and affinity antibodies. An alternative
approach for identifying protein interaction is the use of tandem and column affinity
followed by MS or sequencing analysis. These methods require a specific concentration and
a highly purified target protein.

Also, the recent effort for the integration of experimentally established host-pathogen
protein-protein interactions for several pathogens in public databases allows for cross-
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pathogen comparisons and the prediction of these interactions. Databases, for examples,
VirHostNet, MINT and HPIDB, allow an investigator to search for homologous host-
pathogen interactions and also to get a list of all host-pathogen protein-protein interactions
available.

4. Virus-induced changes in the cellular proteome

Studying how viral infection or expression of specific viral proteins affects the expression of
the host cell proteome provides insight into metabolic processes and critical regulatory
events of the host cell. Although there have been multiple, comprehensive studies to profile
viral induced changes in bovine cells at the transcriptional level in response to BVDV
infection using microarrays (Werling et al. 2005; Maeda et al. 2009; Yamane ef al. 2009b),
these observed changes do not always correspond to changes at the protein level. Many
viral proteins affect protein turnover without affecting the transcription rate of the protein.
Thus, there will always be a need to determine changes at the protein level.

While both bovine and BVDV genome sequences are available, only a few studies have
attempted a comprehensive survey of BVDV-induced host protein changes. These studies
used MS-based approaches to identify BVDV-induced cellular proteome changes, focusing
on host immune changes, which are assessed by comparing protein profiles before and after
BVDV infection (Pinchuk et al. 2008; Lee ef al. 2009; Ammari et al. 2010) (Figure 2). Proteome
coverage (i.e. the proportion of the predicted proteome identified as expressed) is increased
by the combined use of differential detergent fractionation (DDF) (McCarthy et al. 2005) of
infected cells followed by multidimensional protein identification technology (MudPIT) for
protein identification. DDF yields four electrophoretically distinct fractions (McCarthy et al.
2005). MudPIT was done using strong cation exchange (SCX) followed by reverse phase
(RP) chromatography coupled directly in line with electrospray ionization (ESI) ion trap
tandem mass spectrometry (2D-LC ESI MS/MS).

Analysis of proteins from uninfected bovine monocytes revealed proteins related to antigen
pattern recognition, uptake and presentation to immunocompetent lymphocytes (Lee et al.
2006). DDE- MudPIT detected low-abundance cytosolic proteins, indicating the high
sensitivity of this approach. Upon comparing proteins from BVDYV infected and uninfected
monocytes, label free protein quantification methods were used to utilize sampling
parameters for estimating protein expression including the sum of cross correlation (XXcorr)
of identified peptides to enhance the coverage of differentially expressed proteins between
the two samples. This approach revealed alterations in the expression of proteins related to
immune functions such as cell adhesion, apoptosis, antigen uptake, processing and
presentation, acute phase response proteins and MHC class I- and II-related proteins (Lee et
al. 2009).

In addition, proteomics showed the effects of BVDV biotypes infection on the expression of
protein kinases and related proteins involved in the development of viral infection and
oncogenic transformation of cells and proteins related to professional antigen presentation.
We found that six protein kinases related to cell migration, anti-viral protection, sugar
metabolism, and possibly the expression of the receptor for activated C kinase (RAC) were
differentially expressed between the ncp and cp BVDV-infected monocytes (Pinchuk et al.
2008).

To link the observed differences in protein expression to their broader biological role,
information regarding the functions of these gene products and how they interact was
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obtained using the Gene Ontology (GO) (Ashburner et al. 2000) and systems biology
(Aggarwal & Lee 2003), respectively. GO information categorizes functional information for
a gene product into three broad categories; identify molecular functions, biological
processes and cellular components. A complementary approach, system biology, allows for
the exploration and visualization of networks and pathways significantly represented in the
proteomics datasets. Identification of altered host proteins by cp or ncp BVDV infection was
based on rigorous statistical methods for peptide identification and control of false positive
identification (Ammari et al. 2010). When followed by GO functional and pathway analysis,
this study identified similarities and differences between BVDV biotypes and also showed,
as expected, that cp BVDV had a more profound effect on infected monocytes than ncp
BVDV. The top under- and over- represented GO functions are shown in figure 3. At
Ingenuity Pathways Analysis (IPA; Ingenuity system, California) threshold of significance, 6
and 4 networks and 42 and 33 functions/diseases were significantly represented in the
proteomes of ncp and cp BVDV-infected monocytes, respectively. The top ten
functions/ diseases and signalling pathways (ranked based on significance) are shown here
in table 3 (for more details see reference (Ammari et al. 2010)). Interestingly, among 69
proteins that have been altered by both biotypes only two proteins, integrin alpha 2b
(ITGA2B) and integrin beta 3 (ITGB3), were differentially altered by cp and ncp BVDV
biotypes.

Since those studies focus on host immune-related proteins, another general analysis was
done to identify the effect of BVDV infection on cells overall protein expression. This
showed that the mitochondrial dysfunction pathway was the pathway most affected by cp
BVDV, but not by ncp BVDV infection, indicating the induction of apoptosis by cp BVDV.
BVDV biotypes differ in their effect on Na+-dependent phosphate transporter (SDPT).
SDPT is a transmembrane transporter of inorganic phosphate and examples of cells
responding to an increase in the inorganic phosphate by apoptosis are known (Di Marco et
al. 2008). Its two most prevalent representatives are NaP;l and NaP;2. The up-regulation of
SDPT observed in our studies in cells infected by cp BVDV may indicate that this cytopathic
virus uses the NaP; to induce the apoptotic death of the cells that it infects. On the other
hand, both cp and ncp BVDV biotypes down-regulated a different isoform of SDPT
(NaPi2b), suggesting that this other isoform of the transporter may not be directly involved
in apoptosis. Also, our proteome analysis revealed that two proteins from the mitochondrial
voltage-dependent anion channel (VDAC) family, as well as hexokinase (HK) were
differentially regulated by cp and ncp BVDV. In addition, cp BVDV-infection contributed to
oxidative stress by disturbance of cellular antioxidants system. These data are in line with
previous findings about the involvement of these proteins in apoptosis (manuscript in
preparation).

Opverall, the use of MS-based methods provided a means to study BVDV pathogenesis in a
more-high-throughput parallel fashion than individual immunopreciptation studies and
this global scale of study increased our ability to assess immune-related protein interaction
and cellular changes that are significantly compromised in monocytes infected with BVDV
biotypes. Thus, they open new possibilities for discovery of previously unknown viral-host
connections. Other proteomics techniques that have been used for other viruses include
quantitative methods such as isotype-coded affinity tags (ICAT) and different gel
electrophoresis (DIGE) (for a review on the use of proteomics in studying different viruses,
see reference (Maxwell & Frappier 2007)).
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Fig. 2. Flow chart of MS-related work for identifying BVDV-induced changes in bovine
monocytes
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Fig. 3. GO functional analysis of host proteins differentially expressed in ncp or cp BVDV-
infected monocytes (Ammari ef al. 2010)
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Cp BVDV-infection

Ncp BVDV-infection

Networks Four Six

Pathways Acute phase response signaling (12), Acute phase response signaling (8),
Fcy receptor mediated phagocytosis in Caveolae-mediated endocytosis
macrophages and monocytes (8), signaling (5), B cell development (3), IL-
Actin cytoskeleton signaling (8), 10 signaling (3), Macropinocytosis
Antigen presentation pathway (3), B signaling (3), Virus entry via endocytic
cell development (3), RhoA signaling pathway (3), Antigen presentation
(5), Caveolae-mediated endocytosis pathway (2), Fcy receptor mediated
signaling (4), Clathrin-mediated phagocytosis in macrophages and
endocytosis signaling (6), IL-10 monocytes (3), Integrin signaling (4),
signaling (3), Interferon signaling (2) Primary immunodeficiency signaling

)
Functions/ Cellular function and maintenance (7), Cellular movement (10), Immune cell
diseases cell-to-cell signaling and interaction trafficking (18), Inflammatory response

(8), Inflammatory response (14),
Cellular assembly and organization
(2), Protein synthesis (2), Cellular
compromise (6), Cell morphology (3),
Cellular development (4),
Hematological system development
and function (9), Immune cell

(20), Cell death (11), Hematological
system development and function (21),
Cell-to-cell signaling and interaction
(10), Cellular function and maintenance
(5), Immunological disease (5),
Antigen presentation (13),
Inflammatory disease (5)
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trafficking (9)

Table 3. Top ten functions/diseases and pathways in BVDV- infected monocytes. Numbers
between brackets indicates the number of altered proteins involved in the function/disease
or pathway

5. Concluding remarks

By using proteomics it is possible now to separate very complex protein mixtures with high
resolution, to extract the proteins of interest, to study them with MS and to identify them
with high reliability. With the use of new proteomics approaches, much can be done in
studying BVDV protein composition, structure, and interactions. We expect that the
application of proteomic methods to study BVDV will provide valuable information about
BVDV pathogenesis and reveal new insights about host-virus interactions, leading to better
strategies to prevent or cure BVDV infection. However, one should keep in mind that
proteomics should always be considered the starting point for functional studies rather than
an end point that follows traditional methods.
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1. Introduction

Proteins may be considered as the main effectors of biological responses of organisms to
specific environmental conditions, instead of messenger RNAs. Indeed, a modulation in
their activity does not always depend on a modified expression of the corresponding genes
but rather on post-translational modifications. Proteome analysis may therefore constitute
an appropriate approach to address the question of organism adaptation to environmental
stresses or growth under extreme conditions. Recently, the knowledge of the organisms’
physiology has led to deep changes in the investigation methods, favouring the use of global
analysis methods in complement with conventional strategies. Instead of studying
individual proteins or metabolic products, the integral profile of organisms can now be
established. This may be of importance when studying adaptive and stress responses in
microorganisms because of their multifactorial character. In particular, the differential
analysis in various growth conditions of the whole protein content (« proteome »), which
allows the simultaneous quantification of gene products in an organism, represents part of
the so-called integrative biology (Bertin et al., 2008).

Genomics is a conceptual approach that aims to study the biology of microorganisms by
analysing the complete genetic information they contain. This scientific discipline really
emerged more than fifteen years ago with the characterization of the first complete genome
of autonomous organisms (Bertin et al., 2008). An important reduction of sequencing costs
associated with new high-throughput technologies has led to an explosion of genomic
programs  that now  concern  organisms in  all domains of @ life
(http:/ /www.genomeonline.org). Most of the descriptive and functional genomic efforts
initially focused on human pathogens, such as bacteria and parasites, and next, on higher
eukaryotes. More recently, there has been a growing interest in microorganisms isolated
from various habitats, including extreme ecological niches, to characterize specific
properties that allow these organisms to grow in such environments. The field of application
of proteomics thus expended in line with genomics. These works should lead not only to a
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better understanding of ecosystems themselves, but also to the identification of novel
functions that may be exploitable for biotechnological applications, in particular in the
bioremediation of contaminated environments. A better understanding of the involved
elements, their spatial and temporal distribution, the metabolic pathways they belong to,
would allow drawing an integrated picture of biological processes under study. This could
lead to an optimal use of microorganism properties, favouring the desired effects. In this
review, global proteomics approaches allowing deciphering the physiology of one
microorganism or the functioning of a community will be presented, as well as recent
advances in targeted proteomics approaches. Finally, the huge amount of data generated by
such approaches needs integrative analyses that require specific proteome databases.

2. Global proteomics approaches

In their natural habitat, microorganisms rapidly adapt to environmental changes by
modulating their protein content or activity, for instance via post-translational
modifications. Therefore, to highlight the physiological state of a microorganism in one
particular condition, a large-scale study of its proteome is a widespread approach. In such a
workflow, the establishment of global protein profiles (Figure 1) requires protein extraction,
separation steps that are often obtained by two-dimensional gel electrophoresis (2DE)
followed by mass spectrometry analysis for protein identification.

2.1 Proteomics methodology: From sample preparation to protein identification
Protein extraction and separation in a homogenous population require first to optimize the
lysis conditions. Sample preparation is a fundamental step and several protocols are usually
tested, such as those described in (Canas et al.,, 2007). Physical lysis methods are the most
useful methods in the case of microorganisms: vortexing and grinding with glass beads,
sonication, freeze/thaw or alternating cycles of high and low pressure. Combining these
mechanical methods with enzymatic lysis or use of detergents may improve cell lysis
efficiency. 2DE separation has shown to be one of the most common separation techniques
used in proteomic studies (Rabilloud et al., 2010). Proteins are separated in a first step
according to their charge and in a second step according to their molecular weight. They are
then usually visualised by an organic dye (Coomassie blue), by metallic salt reduction (silver
nitrate) or fluorescent labelling (Sypro, DeepPurple...). Bidimensional proteome analysis
presents however several limitations. Indeed, whatever the detection method used, all proteins
of any organism cannot be visualised because some of them are present at very low levels. In
addition, some proteins are quite unstable while others are less labile. Moreover, membrane
proteins are usually more difficult to detect on 2D gels because of their low solubility.
Therefore, other separation techniques may be used such as monodimensional SDS-PAGE, in
particular to retain the membrane proteins (Laemmli, 1970), non-gel strategies such as MudPIT
approaches (multidimensional protein identification technology) (Franzel & Wolters, 2011) or
any other liquid or affinity chromatography-based separations (Gundry et al., 2009). Many
kinds of original chromatography types and combinations have been explored in the field of
proteomics to fractionate and separate complex protein mixtures prior to mass spectrometry
(MS) analysis either at a protein or at a peptide level. Each of those approaches presents
advantages and drawbacks and the choice of the separation method used is a crucial step in
the proteomics workflow. Overall, the higher success of one or the other separation method is
highly sample-dependent.
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Fig. 1. Classical proteomics workflow to study the physiology of microbial isolates or
complex communities.

Once separated, proteins are identified by mass spectrometry. The recent development of
functional genomics approaches has led to considerable progress in identification methods
(Casado-Vela et al., 2011). Proteins are characterized by mass spectrometers able to ionize
and precisely determine the masses of ionized molecules. Proteins of interest are recovered
from gels or from any other chromatography separation and enzymatically digested, e.g. by
trypsin which specifically cuts the polypeptidic chain at lysine or arginine residues. The
whole set of generated peptides are then analysed by MS and most commonly tandem MS
(MS/MS) to precisely measure the molecular weight of the peptides and their associated
fragments (in MS/MS mode). The experimental MS data are compared to theoretical data
calculated from the available protein sequence databases derived from the genome
sequence. Historically, the Peptide Mass Fingerprint (PMF) approach, based on the
measurement of the peptide masses only, was used to identify proteins (mostly by Matrix-
Assisted Laser Desorption lonization Time of Flight MS, MALDI-TOF-MS) but this
approach quickly revealed to be insufficiently specific with the exponentially growing
protein sequence databases. MS/MS approaches nowadays constitute the standard method
to reliably identify proteins. Over the last 10 years, numerous algorithms, proprietary or
open-source, have been developed to compare and score the matching between
experimental MS/MS data and theoretical mass lists calculated from expected protein
sequences (several of the most commonly used tools are listed in Table 1) (Nesvizhskii,
2010). The MS/MS protein identification workflow is now well established and allows the
performance of high throughput and large scale proteomic experiments provided that the
genome of the studied organism is sequenced.



72 Proteomic Applications in Biology

Database Access
Mascot http:/ /www.matrixscience.com
Phenyx http:/ /www.genebio.com/ products/phenyx
OMSSA http:/ / pubchem.ncbi.nlm.nih.gov/omssa
X! Tandem http:/ /www.thegpm.org/TANDEM/

Table 1. Tools useful for MS/MS data analysis.

However, even when genomic information is available, protein identification may be
complicated by lacks/errors in the predicted protein sequence databases introduced by
automatic genome annotation (translational frameshift, read-through of stop codons) or by
post-translational modifications (e.g., glycosylation or phosphorylation) hindering the mass
matching procedure. To circumvent those errors widespread in non reference and not
thoroughly annotated genomes, original alternative identification strategies have been
developed which use the complete unannotated genome sequence to interpret the MS/MS
data. These approaches have opened the avenue to proteogenomics, defined as the use of
proteomics results to enhance the knowledge of the genome (Delalande et al., 2005; Gallien
et al,, 2009). Finally, when the genome of the organism under study has not yet been
sequenced, de novo sequencing is mandatory. This consists in interpreting individually each
high quality MS/MS spectrum to derive amino acid sequence tags. These sequence tags are
then submitted to MS-BLAST (http://dove.embl-heidelberg.de/Blast2/msblast.html)
homology searches in order to identify the proteins by sequence homology with
orthologous proteins present in the databases (Carapito et al., 2006).

Altogether, the recent developments in proteomics, in particular in MS instrumentation to
gain sensitivity, resolution and mass accuracy, as well as the important increase of genomic
data enabled proteomics to become a widespread, useful and robust technique to
understand the adaptive capacities of microorganisms, under laboratory conditions but also
in their natural habitat within complex communities.

2.2 Proteomics as a tool to understand the physiology of environmental isolates
Proteomics has two major goals. On the one hand, proteomic maps can first make an
inventory of functions expressed in an organism under specific conditions. On the other
hand, differential proteomic analyses allow studying the response of microorganisms to
changes in the environment as well as the underlying regulatory mechanisms. Several
examples of these two strategies allowing better understanding of the physiology of
environmental isolates are presented in the following sections.

First, by using 2DE or SDS-PAGE separation techniques, the global or partial proteome
maps (cytoplasmic, membrane or extracellular fraction) of several microorganisms have
been drawn. These often concern model organisms, e.g. B. subtilis (Hecker & Volker, 2004) or
human pathogens, e.g. Mycobacterium tuberculosis, the etiologic agent of tuberculosis
(Schmidt et al., 2004). This approach was recently used to list proteins expressed by an
arsenic resistant bacterium, Herminiimonas arsenicoxydans, which is able to resist and grow in
harsh conditions, particularly in the presence of arsenite (Weiss et al., 2009). Another
example of bacterium able to adapt to extreme conditions is Deinococcus geothermalis, found
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in geothermal wells. In this bacterium, cytosolic and cell envelope proteome maps revealed
that one-fourth of the cell envelope proteome corresponds to Deinococcus specific proteins
such as V-type ATPases, and that repair enzymes are highly expressed and among the most
abundant proteins, even in the absence of stress (Liedert et al., 2010). Finally, these
techniques may be used to focus on a particular fraction of the proteome. As an example,
using specific staining procedures, a 2DE map of iron-metalloproteins has been drawn in the
acidophilic archaeon Ferroplasma acidiphilum (Ferrer et al., 2007). Remarkably, the results
suggest that the high content of metalloproteins present in this organism represents a relic of
early life on Earth, where metals were abundant because of widespread volcanic and
hydrothermal activities.

Second, to get further insight into the adaptation capacities of microorganisms, differential
proteomic analyses characterize proteins which expression is induced or repressed in
response to a particular stimulus, and defines thus a stimulon. Using 2DE, the amount of
proteins expressed in different conditions or backgrounds may be compared, which requires
robust quantification of each protein in each condition. The use of 2DE coupled to
fluorescent labelling (DIGE) makes such quantification easier (Yan et al., 2002). This
differential proteomic strategy was extensively used to decipher the adaptive response of
pathogens or model bacteria such as Bacillus subtilis (Bertin et al.,, 2008; Hecker & Volker,
2004; Jungblut, 2001). Recently, the physiology of an increasing number of environmental
isolates has been studied by proteomics approaches. For example, the adaptation to cold has
been studied in psychrophilic microorganisms, such as Pseudoalteromonas haloplanktis (Piette
et al., 2010) and in the archeon Methanococcoides burtonii (Saunders et al., 2005). Similarly,
arsenic bacterial metabolism has been investigated in H. arsenicoxydans (Carapito et al., 2006;
Muller et al., 2007) and Thiomonas sp. (Bryan et al., 2009). In H. arsenicoxydans, in addition to
the proteome map listing the proteins expressed in the presence of arsenite (see above),
differential proteomic analyses data were combined with transcriptomics data to study its
adaptive response in the presence of arsenite (Cleiss-Arnold et al., 2010; Muller et al., 2007;
Weiss et al., 2009). These methodologies revealed that this bacterium is able to grow in the
presence of arsenic by inducing the expression of proteins involved in several processes
such as oxidative stress, arsenic resistance, energy metabolism or motility/chemotactism.
Differential proteomics experiments performed on Thiomonas allowed comparing the arsenic
response in several strains. Indeed, proteomics has highlighted metabolic differences
between Thiomonas arsenitoxydans 3As and Thiomonas arsenivorans strains. In the presence of
As(III), proteins involved in carbon fixation were shown to be preferentially accumulated in
Tm. arsenivorans but less abundant in Tm. arsenitoxydans 3As, supporting the hypothesis that
Tm. arsenivorans is capable of optimal autotrophic growth in the presence of As(Ill) when
used as an inorganic electron donor. One response shared by these arsenic-oxidizing
bacteria is the induction in the presence of arsenite of phosphate transporters, as well as
proteins involved in glutathione metabolism, DNA repair and protection against oxidative
stress (Bryan et al., 2009; Carapito et al., 2006; Cleiss-Arnold et al., 2010; Weiss et al., 2009).
In differential analyses, the 2DE technology has however one particular limitation, i.e.
several proteins may be resolved in the same spot hindering their respective
quantification. To avoid such a problem, differential protein patterns can be identified
using non-gel protein separations coupled with isotope labelling approaches. To find
proteins or peptides with significant differences of concentrations in sampled proteomes,
different stable heavy isotope labelling techniques can be applied like ICAT, SILAC,
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iTRAQ or ICPL. Depending on the sample origin, isotope labelling may be performed on
different levels (organism, cell, protein, or peptide) and on different reactive groups
(Gevaert et al., 2008). As an example, 2DE and ICAT approaches were combined to study
the aromatic catabolic pathways in Pseudomonas putida KT 2440. Interestingly, it appears
that these two methods are complementary since 110 and 80 proteins were shown to be
induced in the presence of benzoate, using ICAT or 2DE, respectively, and only 19
common proteins were identified using both approaches (Kim et al., 2006). Even though
those approaches have proven to allow precise quantification of numerous proteins in
various applications, each of them presents drawbacks and limitations. For instance,
stable isotope labelling with amino acids in cell culture (SILAC) is limited to applications
dealing with proteins obtained from cell cultures, free amino-group labelling (like ICPL)
induces significant increase of sample complexity leading to an aggravation of
undersampling problems, isobaric labelling (like iTRAQ) requires high resolution MS/MS
data to be acquired and is often unsuitable for most widespread ion trap MS/MS. The
choice of the approach to apply for quantification is therefore very sample-dependent and
crucial for the success of the proteomics application.

Once adaptation capacities have been identified, it can be interesting to understand the
regulation network allowing microorganisms to respond quickly to changes in their
environment. With such an aim, differential proteomics is useful to decipher the role of
global regulators and to list genes belonging to the same regulon, i.e. genes that are
regulated by the same regulator. Such approaches have helped to highlight unsuspected
regulatory networks, revealing that some bacteria have developed sophisticated
mechanisms to survive or grow in a large panel of conditions. As an example, the global Crc
protein that control the metabolism of carbon sources and catabolite repression of
Pseudomonas aeruginosa was shown to be involved in the regulation of virulence gene
expression (Linares et al., 2010). Finally, proteomics can also be used to highlight post-
translational modifications (PTMs) that may be crucial for rapid regulation of protein
activity. For instance, a phosphoproteomic study allowed identifying kinases involved in
the regulation of several cellular processes in bacteria (Grangeasse et al., 2010).

2.3 Proteomics as a tool to understand the functioning of communities:
Metaproteomics or environmental proteomics

Studying microorganisms in laboratory conditions may not reflect their particular
adaptation capacities in their environmental niches. For example, in the case of pathogens,
symbionts or commensals, it is crucial to identify not only proteins expressed in response
to abiotic changes, but also in response to biotic factors, such as those expressed by their
host. The major difficulty in such studies is to distinguish microbial and host proteins, a
difficulty that is reduced when the genome of both organisms is known. The second
problem is to extract sufficient amount of microbial proteins in order to detect them.
Recent advances in protein identification have allowed access to such information (see
below), as shown by the identification of key proteins involved in virulence in several
pathogens such as Echinococcus granulosus metacestode (Monteiro et al., 2010), Clostridium
perfringens (Sengupta & Alam, 2011) or Anaplasma when present in the tick vector
(Ramabu et al., 2010). Similarly, proteomics has been used to address the complex
processes governing the interactions between symbiotic microorganisms and their host
and vice versa, e.g. the adaptive response of plants interacting with mycorrhizae (Bona et
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al., 2011). Recently, proteomics approaches have been developed to study the interactions
of microorganisms with their host or microbial communities that may contain uncultured
microbes, thus extending our knowledge of the diversity of microbial metabolic processes.
Microbial communities are complex biological assemblies whose study has been difficult
for a long time because of the inability to culture many of their components. However, the
taxonomic diversity studies performed by the analysis of 165 rRNA sequences suggest
that in any given environment only a small fraction of organisms present can actually be
cultivated. These communities can now be explored as a whole by the sequencing of their
genomic DNA content, i.e. their metagenome (Bertin et al., 2008). In parallel, a novel
proteomic approach called metaproteomics or environmental proteomics has emerged to
characterize in a global way the protein content of microbial communities. The
metaproteomics approach has some advantages, compared to other functional genomic
approaches, such as metatranscriptomics, i.e. the study of mRNA expressed by a
community. Indeed, as proteins are more stable than RNA (especially those originating
from prokaryotes), the metaproteome content is supposed to be less affected by the
extraction procedure, and probably gives a better insight into the biological functions
expressed in situ. Several examples of recent studies in this environmental proteomics
field are presented below.

2.3.1 Environmental proteomics as a tool to characterize uncultured microorganisms:
Advantages and limitations

Interestingly, the metaproteomics approach may give taxonomic information
complementary to the 165 rRNA gene-based approach, commonly used to analyse the
community structure. Previous observations established that it is not always possible to
affiliate some bacteria using only 16S rRNA gene sequences (Schleifer, 2009). Indeed, some
microorganisms showing very similar 165 rRNA gene sequences turned out to belong to
different taxa when other phylogenetic markers were used. For instance, in a recent study,
metaproteomics highlighted the expression of proteins involved in conserved biological
processes that could be assigned to a specific taxon, at the genus or species level, whereas
the RDP (Ribosomal Database Project) analysis allowed the affiliation of only 28% at the
genus level (Halter et al., 2011). More generally, the identification of signature peptides in
orthologs has enabled the use some proteins as taxonomic markers to describe the active
community in the Carnoulés AMD (Bruneel et al., 2011), and to differentiate various
ecotypes present in a similar ecosystem (Simmons et al., 2008).

In addition, metaproteomics has enabled the analysis of the role of uncultured
microorganisms in situ. For example, a study of microbes growing in water plant sludge
led to the identification of several proteins belonging to an uncultured organism of the
Rhodocyclus lineage known to accumulate polyphosphates (Wilmes & Bond, 2004).
Similarly, proteins synthesized by microorganisms flourishing in an AMD ecosystem, i.e.
inside a biofilm (Ram et al., 2005), have been inventoried. In this study and others, strain-
resolved expression patterns indicated that microorganisms belonging to the same species
with less than 1% divergence in nucleotide sequences of genes encoding 165 rRNA
(ecotypes) coexist in ecosystems. At a functional level, this microdiversity can lead to
functional diversity, since these strains may play distinct roles (Denef et al., 2010a, 2010Db).
In another study, synergistic/antagonistic interactions between fungi and Rhizobacteria
were explored (Moretti et al., 2010). Proteomic patterns of a microbial consortium were
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compared in the presence or the absence of antibiotic, in order to evaluate the bacterial
impact on the consortium functioning. Using this strategy, candidate proteins were
identified that may provide advantages for the consortium to out-compete pathogen
strains such as Fusarium.

In some cases, the high level of diversity makes the metaproteomics approach rather
difficult to apply. A low number of identified proteins have been observed previously in soil
or sediments where a high level of diversity was observed (Benndorf et al., 2007; Halter et
al., 2011; Taylor & Williams, 2010). As pointed out by the authors of recent reviews,
metaproteomics studies are successful when applied to communities with low levels of
diversity. When a high level of diversity is observed, each protein is diluted in a complex
mixture and only the most abundant proteins are therefore likely to be identified. Moreover,
a large proportion of the bacteria forming such a community have usually never been
studied so far in vitro and their genome sequences, and hence their protein sequences, which
are required for MS identification, are not available in public databases. For example, unlike
Proteobacteria, only a few Acidobacteria or archaeal protein sequences are available in the
existing protein sequence databases. To prevent such a limitation, metaproteomics and
metagenomics are nowadays often combined.

When the community is too complex or when this community is found in solid phase such
as soil or sediments, it may be necessary to fractionate cells, in order to study only a fraction
of the community (Figure 1). For instance, metaproteomes of key microbial populations, i.e.
Synechococcus cells, were drawn after cells separation using microwave fixation and flow
cytometric sorting (Mary et al,, 2010). In another study, using density gradient, it was
possible to separate microorganisms from sediments but also bacteria from the eukaryotic
population and to study both populations separately. Indeed, in the Carnoulés arsenic-rich
ecosystem, the bacterial community analyses revealed that proteins involved in the
biomineralization of iron and arsenic were shown to be expressed by Acidothiobacillus
ferrooxidans and Thiomonas, respectively, which supports a major role of these
microorganisms in the natural attenuation of this highly contaminated environment (Bertin
et al., 2011). This approach also revealed that most proteins were expressed by uncultured
microorganisms belonging to a novel phylum, ie. “Candidatus Fodinabacter
communificans”. These bacteria may play an indirect but important role in the functioning
of the ecosystem by recycling organic matter or providing other members with cofactors
such as vitamins (Bertin et al., 2011). An additional study revealed that Euglena mutabilis, an
abundant protist found in this AMD as well as in other AMDs, produces organic
compounds that could serve as nutrients for bacteria (Halter et al., unpublished).

2.3.2 Environmental proteomics as a tool to understand the dynamic and the
functioning of ecosystems

To study factors that may influence the community adaptation, metaproteomics
approaches are sometimes performed on controlled microcosms (Figure 1). For example,
such an approach has been successfully used to study the temporal dynamics of microbial
communities subjected to cadmium exposure and to characterize the resulting response in
terms of toxicity and resistance (Lacerda et al., 2007). This study illustrates that
metaproteomics can be used, not only to describe an ecosystem, but also to study its
response to perturbations. For example, the spatial dynamics of bacterioplankton was
evaluated along the Chesapeake Bay, the largest estuary in the United States, and the
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proteins identified were shown to correlate with major microbial lineages, i.e. Bacteroides
and Alphaproteobacteria, present in this ecosystem (Kan et al., 2005). Environmental
proteomics combined with physiology and geochemical data allowed a description of the
ecological distribution of dominant and less abundant organisms, and the changes along
environmental gradients in a biofilm within the Richmond mine at Iron Mountain,
California, or the effect of the pH on acidophilic AMD microbial communities (Belnap et
al., 2011; Mueller et al., 2010). Other studies aimed to elucidate the Geobacter physiology
during stimulated uranium bioremediation (Callister et al., 2010; Wilkins et al., 2009), or
the community responses to different nutrient concentrations on an oceanic scale (Morris
et al., 2010). In this study, a shift in nutrient utilization and energy transduction along a
natural nutrient concentration gradient was observed, with a dominance of TonB-
dependent transporters expressed in these samples. Although it is likely that only the
dominant organisms will be visible in metaproteomic studies, results provide evidence
that such an approach presents a considerable interest towards a comprehensive analysis
of microbial ecosystems. In the future, such approaches will be improved in order to
access a large amount of proteins expressed by individual cells within a community.

3. The potential of targeted proteomics approaches

The last 10 years, global proteomic approaches have allowed drawing long lists of hundreds
to thousands of identified proteins in all types of proteome fractions. The major weakness of
those lists is often the lack of quantitative data for the identified proteins, especially in the
case of metaproteomic studies where quantification may be difficult. To alleviate this
problem, the proteomics specialists recently initiated a paradigm shift from global
approaches towards targeted approaches, trying to find ways to get better quantitative data
even if one has to focus on a limited number of proteins of interest. Selected Reaction
Monitoring (SRM)-based strategies appear to be the most promising approaches to reach
this goal (Picotti et al., 2010) and applications, mostly in the field of protein biomarker
research, are starting to become successful (Elschenbroich & Kislinger, 2011).

3.1 Selected Reaction Monitoring-based proteomics workflow

The general SRM-based workflow is described in Figure 2. The first step of a targeted
proteomics experiment resides in the definition of a restricted list of proteins of interest.
This is the major difference between global approaches (in which the goal is to identify
the highest number of peptides/proteins) and targeted approaches in which the targets to
focus on have to be defined prior to the experiment itself. Once the targets are defined,
developing a SRM-based quantification method relies on the choice of a small series of
peptides that will be used as tracers for each protein to be quantified. In the SRM scanning
mode, the precursor ion corresponding to the targeted peptide is selected in the first mass
filter (Q1) before entering the collision cell (q2) where it undergoes collision-induced
dissociation. One fragment ion is then selected in the second mass filter (Q3) and its
intensity is monitored. An ion pair of precursor/fragment ions is called a transition and
several transitions are recorded for each targeted peptide. The critical steps of the method
setup reside in the choice of those so-called proteotypic peptides (unique for the protein
and visible in MS) to be used for each protein, in the selection of transitions (number and
fragment types) to be followed for each of the selected peptides and, finally, in the
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Fig. 2. Targeted SRM-based proteomics workflow

optimisation of the MS instrument parameters. The transitions have to be selected to offer
both best sensitivity (intense fragments) and best selectivity (no interferences with other
fragments). To accelerate these limiting steps in terms of time and cost, public libraries
(atlases) of transitions are being constructed using synthetic peptides for a few proteomes
of reference organisms, of which yeast and human (http://www.srmatlas.org). Those
atlases will significantly facilitate the choice of the proteotypic peptides as they will
contain the lists of 5 peptides for each predicted protein of the reference proteome, along
with their optimal transitions and information on instrument parameters. Once the
peptides and transitions are established, isotopically heavy labeled standards are required
and need to be spiked into the samples in order to be able to quantify the endogenous
peptides of interest by calculating heavy/light ratios (Gallien et al., 2009; Lange et al.,
2008). The hypothesis-driven nature of such experiments overcomes the bias towards
most abundant components and has already allowed previously unreached sensitivity
levels using MS techniques.

3.2 SRM quantification in proteomics

The quantitative power of SRM mass spectrometry no longer needs to be proven. This
approach has been used for a number of years for the quantification of small molecules such
as metabolites of xenobiotics, hormones or pesticides with great precision (CV<5%).
However, three main hurdles have hindered its application for the quantification of
peptides and proteins. The first major hurdle to be overcome was sensitivity, or more



Proteomics as a Tool for the Characterization of Microbial Isolates and Complex Communities 79

precisely, the capacity to quantify proteins of very low abundance in mixtures in which
protein concentrations range over 5 to 10 orders of magnitude, even up to 12 orders in the
case of plasma samples. To circumvent this problem, the introduction of fractionation
methods permits considerable reduction of the quantification limit provided they are
perfectly controlled and reproducible. For instance, SRM methods recently allowed the
detection of concentrations typical for candidate protein biomarkers whose abundance can
be as low as a few ng/ml or even hundreds of pg/ml in human plasma (Keshishian et al.,
2009). The second hurdle was the reproducibility of SRM analyses for proteomics. This
hurdle appears to have been overcome today: indeed, as part of a study carried out by the
Clinical Proteomic Technology Assessment For Cancer Network Project (CPTAC, (Addona
et al., 2009), interlaboratory CVs (including both variations due to sample preparations and
MS analysis) between 10 and 23% were obtained across 9 different laboratories. Finally,
multiplexing was made possible thanks to significant progress in electronics and acquisition
and data processing software developed on triple quadrupole-type instruments. Today the
simultaneous quantification in a single analysis of about a hundred peptides can be
envisaged using a few hundred transitions.

3.3 SRM-strategies for quantifying proteins in microbial isolates and complex
communities

So far, most of the SRM-based applications have dealt with biomarker studies and clinical
proteomics (Gallien et al., 2009; Hiittenhain et al., 2009). Nevertheless, it has been proven to
be very successfully applicable on S. cerevisiae and other whole proteome digests (Picotti et
al., 2009). Even though microbial communities are extremely complex protein mixtures, both
in terms of number of proteins and dynamic range, protein concentrations ranging over 12
orders of magnitude in the case of plasma samples have revealed the success of the
technology. It is therefore reasonable to predict a widespread application of SRM
quantification methods in many fields. Actually, a recent study has already demonstrated
the possibility to absolutely quantify proteins in complex environmental samples and mixed
microbial communities (Werner et al., 2009). An absolute prerequisite for the success of the
method is a precise control and reproducibility of the sample preparation and fractionation
steps. Additionally, one of the key factors for a reliable quantification will be the use of
appropriate quantification standards. Indeed, the use of isotopically labelled standards
considerably improves quantification reliability. In any case, absolute quantification of
peptides, and thus the proteins producing them, is only possible through the simultaneous
LC-SRM measurement of endogenous peptides and isotopically labelled standards added in
known quantities. Several choices are possible: synthetic peptides (the AQUA method,
Gerber et al. 2003), concatemers of peptides (the QconCAT method, (Beynon et al., 2005))
and protein standards, biochemically identical to the natural proteins to be assayed (the
PSAQ method, (Brun et al., 2007)).

4. Data integration and proteome databases

High-throughput proteomics is a rapidly developing field enabling analyses at system level
from complexes or cells and organs to environmental communities (Cannon & Webb-
Robertson, 2007). With the huge amount of data produced by experiments and subsequent
analyses, proteomics repositories will have to take up the challenge of large-scale storage,
fast access and easy data retrieval. Furthermore, with the development of Systems Biology,
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proteomics databases, like other “omics” databases, will require exchange and
communication standards which could help to integrate data with related information from
other databases or fields (genomics, genetics, metabolomics) into a wider scope. Several
proteomics repositories have been established thus far and range from large-scale general
databases to more specialized ones (Table 2). However, although some repositories exist
that are specialized in microbiology-related proteomics, there is still a lack of proteomics
databases dedicated to environmental microbiology.

Database Description Access
http:/ /world-
Swiss 2D-PAGE 1DE and 2DE data 2dpage.expasy.org/swiss-
2dpage/
Federation of 2DE-based http:/ /world-
World 2D-PAGE portal databases 2dpage.expasy.org/portal/
Gel-based environmental .
InPACT microbiology database http:/ /inpact.u-strasbg.fr/
Proteome Database for ~ Gel and mass spectrometry http:/ /www.mpiib-
Microbial Research microbiology database berlin.mpg.de/2D-PAGE/

Comprehensive mass
spectrometry database for
validation of identification and
protein coverage
Compendium of raw data
coming from high-throughput
proteomics technologies aiming
at the annotation of eukaryotic
genomes through a thorough
validation of expressed proteins
Comprehensive mass
spectrometry-derived peptide

PRIDE and protein identifications, MS  http://www.ebi.ac.uk/pride/
mass spectra, and associated
metadata.
Communautary resource for
Proteome Commons collaborative research and https:/ / proteomecommons.org/
sharing of proteomics data

GPMDB http:/ / gpmdb.thegpm.org/

PeptitdeAtlas http:/ /www.peptideatlas.org/

Table 2. Proteomics repositories useful for the analysis of microbial proteomes.

4.1 Technical challenges

4.1.1 Data storage and the scalability challenge

High sensitivity and high quality mass spectra are delivered by mass spectrometers at an
ever-faster rate, yielding an ever-increasing amount of data. For instance, the data available
from Proteome Commons (https://proteomecommons.org/) repository has currently (July
2011) a size of 16.7 TB comprising 12,895,832 data files (for the sake of comparison, the 1638
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uncompressed flat files of Genbank release 184.0 require approximately 540 GB). Therefore,
scalability is expected to become a major issue for those comprehensive proteomics
repositories and high capacity storage and efficient data access may require the use of
distributed IT technologies similar to those serving large databases on the web (Facebook
Cassandra, Google BigTable, Amazon, Dynamo). As a matter of fact, in order to handle data
and to facilitate access by users, Proteome Commons based its repository on an
implementation of Tranche (https:/ /trancheproject.org/), a free open-source file distributed
storage and dissemination software (Falkner et al., 2008).

4.1.2 Data access: Needs for standards

One of the first efforts towards a single access point to proteomics data was the publication
in 1996 of guidelines for building federated 2DE databases (Appel et al., 1996). Since then,
ExPASy has developed Make2D-DB II, an environment to create, convert, publish,
interconnect and keep up-to-date 2DE databases (Mostaguir et al., 2003). More recently, the
ProteomeExchange consortium has been established to provide a single point of submission
to PRIDE (Vizcaino et al, 2009), PeptideAtlas (Deutsch et al., 2008) and Tranche
(https:/ / proteomecommons.org/tranche/) repositories. This consortium encourages the
data exchange and sharing of identifiers between repositories so that the community may
easily find datasets. Furthermore, in order to be effective, computational analysis and data-
mining require the use of controlled vocabularies or ontologies for data descriptions. The
Protein Ontology (Natale et al., 2010) provides a standardized vocabulary for the description
of protein evolutionary relatedness (ProEvo), protein forms including isoforms or PTMs
(ProForm) and protein-containing complexes (ProComp). On a larger scale, the HUPO
proteomics standards initiative (HUPO-PSI) is aiming to define standards to ease data
exchange and minimize data loss (Orchard & Hermjakob, 2007) in key areas of proteomics:
protein separation, gel electrophoresis, mass spectrometry, molecular interactions, protein
modifications and proteomics informatics. The HUPO-PSI is developing the minimum
information about proteomics experiments (MIAPE) guidelines defining which information
should minimally be reported about a proteomics experiment to allow critical assessment. It
also develops data formats for capturing, describing and exchanging MIAPE-compliant data
as well as supporting controlled vocabularies. Some of these standards, like MIAPE (Taylor
et al., 2007), FuGE (Jones et al., 2007), GeIML and mzML have been released or published
and, to date, mzData standards for mass spectrometry are widely supported by product
manufacturers.

4.1.3 Heterogeneous data integration: Database interoperability

Although standard exchange formats allow easy data exchange between and with
repositories, systems level investigations relying on computational analyses require data
integration from heterogeneous sources. Instead of trying to duplicate such large amounts
of data, integration can be most effectively achieved through connection to repositories. For
instance, PeptideAtlas proposes a Distributed Annotation System (DAS) server which
allows visualizing data as tracks in the Ensembl Genome Browser (Flicek et al., 2010).
Similarly, the PRIDE repository is available through a BioMart service (Smedley et al., 2009).
Thus, it can be accessed as a simple REST (Representational State Transfer) web service that
involves building an HTTP request including an XML file that encodes the filters and
attributes of the request. Web services are indeed being used more and more in
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bioinformatics, providing remote access to data and tools that can be combined into
workflows with workbench environments like Taverna (Hull et al., 2006) or into client
applications (Mcwilliam et al., 2009).

4.2 Data repositories

Proteomics data repositories have been made available to the scientific community on the
web since the early nineties. Swiss 2D-PAGE (Hoogland et al., 2004) which collects protein
identification from 2DE and 1D-PAGE gels was created in 1993. This database is now part of
the World 2D-PAGE portal (Hoogland et al., 2008) which federates 9 gel-based proteomics
databases for a total of nearly 18,800 identified spots in 141 maps for 22 species, making it
the biggest gel-based proteomics dataset accessible from a single interface (June 2011). Other
less general two-dimensional electrophoresis databases are also available and give access to
gel-based protein identification in different systems. These repositories provide information
on identification data (pl, mW, peptides and spot), links between maps and, of course, link
to the identified entries in protein databases. Gels are displayed as an interactive image
which can be clicked on to visualize spot information. In addition to electrophoresis data,
Proteome Database for Microbial Research (Pleifiner et al., 2004) also offers access to MS
data.

Proteomics repositories which focus on MS data include GPMDB (Craig et al., 2004),
PeptitdeAtlas (Deutsch et al., 2008), PRIDE (Vizcaino et al., 2009), and Proteome
Commons (https:/ /proteomecommons.org/) among the most prominent ones. GPMDB is
a relational database that was designed to aid in the process of validating peptide-to-mass
spectrum assignment and/or protein coverage patterns. Together with data analysis
servers it constitutes the open-source system referred to as the Global Proteome Machine.
PeptideAtlas is a multi-organism compendium of raw data coming from high-throughput
proteomics technologies. Only raw data are accepted and are periodically reprocessed as
more advanced interpretation tools for identification and statistical validation are
available. The PeptideAtlas project long-term goal is the annotation of eukaryotic
genomes through a robust validation of expressed proteins. PRIDE (Proteomics
Identifications Database) is a repository of MS derived peptide and protein identifications,
MS mass spectra, and associated metadata. Proteome Commons is a public resource for
collaborative research and public sharing of proteomics data, tools and news. Permanent
storage of data suitable for publication is provided through a distributed repository.
Registered users may set up their own or join group projects for easy collaboration with
colleagues or partners as project permissions and member responsibilities can be fine-
tuned in order to control access to data. As post-translational modifications like
phosphorylation play an important role in control of protein activity some proteomics
databases focus on phosphorylation and other PTMs (Phospho.ELM (Dinkel et al., 2011),
Phospho3D (Zanzoni et al, 2011), Phosida (Gnad et al, 2011) PhosphoSitePlus®
(Hornbeck et al., 2004), and PhosphoPep. (Bodenmiller et al., 2008).

4.3 The need for an environmental proteomics database

As metaproteomics allows to study microorganisms' functionality in their natural context, in
the coming years it is likely to become the technique of choice for functional characterization
of microbial communities. Moreover, this methodology will give invaluable insights into
microbial ecology, in particular when associated with metagenomics data. To correlate the
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observed variations in functions with differences in conditions, comparative studies must
also consider environment characteristics such as chemical composition (presence of toxic
compounds, organic matter), physical properties (temperature), habitat, sample location and
collection dates. High-throughput data-mining would therefore require that databases
handling environmental metaproteomics include metadata providing environmental
information in a computer-readable form. In the absence of a currently available specific
standard for environmental proteomics, the content of these metadata could be inspired by
corresponding sections of the minimum information about any sequence standard MIxS
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Fig. 3. The InPact proteomic database (http:/ /inpact.u-strasbg.fr). The various
functionalities of the interface allow the exploration of specific areas of the 2D gel by using a
zoom-in/out function. Spots present in the selected area can be outlined, and the
corresponding MS results can be seen for each. In addition, more information can be seen by
hovering the mouse over any spot and/or clicking on it (name, Mw, pl, MS peptidic
sequence). As an example, one of the numerous GroEL chaperonins identified in the
Carnoulés community metaproteome illustrates the data that can be obtained for any
protein identified by mass spectrometry, e.g. the label of the corresponding CDS in the
genome when available and the spot numbers where the protein has been identified (top),
the size and the location within the genome of the MS peptidic fragments obtained as well
as their % coverage with respect to the full length CDS.
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(Yilmaz et al., 2011) or the IUPAC minimum requirements for reporting analytical data for
environmental samples (Egli et al., 2003). For instance, the InPACT environmental
microbiology database (http://inpact.u-strasbg.fr/) is a proteomics database dedicated to
environmental microbiology providing gel-based data pertaining to microorganisms as well
as complex communities (Figure 3). It also provides genomics information thanks to tight
links with the MaGe database (Vallenet et al., 2006) and tools for functional profile
comparison between gels. INPACT, although still in its infancy, provides tools for gel
comparisons at the function level thanks to functional description of proteins using the Gene
Ontology (The Gene Ontology Consortium. 2000). Future developments will now focus on
the integration of environmental information as metadata and the addition of more
comparison tools including multivariate statistical analysis of proteomics data and
associated metadata. Integration with external data sources (metabolism, genomic data) will
also be reinforced. Finally, in order to increase the accessibility of data, INPACT data access
will be offered not only through the web server but also as RESTful web services. In the near
future, INPACT and other databases will hopefully prove to be useful proteomics-oriented
tools for environmental microbiology.

5. Conclusion

The past few years has seen a huge amount of genomic information published in
databases. Associated with functional genomic approaches such as proteomics, those data
will greatly improve our knowledge of the structure, the functioning, the diversity and
the evolution of microorganisms. Similarly, the study of microbial communities as a
whole will be of great interest to investigate complex consortia and to address important
questions regarding the role of uncultured microorganisms in microbial ecosystems.
Proteomics, when combined not only with other genomic methods such as
transcriptomics and metabolomics, but also with more classical methods of genetics,
molecular biology and/or biochemistry, will give an integrated view of biological objects
present in any environment, their role and their relationships. They will lead to a better
understanding of how microorganisms colonize new ecological niches and to the possible
use of their specific properties in biotechnology.
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1. Introduction

It is frequently overlooked that the majority (>80%) of the Earth’s biosphere is cold and
permanently exposed to temperatures below 5 °C (Rodrigues & Tiedje, 2008). Such low
mean temperatures mainly arise from the fact that ~70% of the Earth’s surface is covered by
oceans that have a constant temperature of 4°C below 1000 m depth, irrespective of the
latitude. The polar regions account for another 15%, to which the glacier and alpine regions
must be added, as well as the permafrost representing more than 20% of terrestrial soils. All
these low temperature biotopes have been successfully colonized by cold-adapted
microorganisms, termed psychrophiles (Margesin et al., 2008). These organisms do not
merely endure such low and extremely inhospitable conditions but are irreversibly adapted
to these environments as most psychrophiles are unable to grow at mild (or mesophilic)
temperatures. Extreme psychrophiles have been traditionally sampled from Antarctic and
Arctic sites, assuming that low temperatures persisting over a geological time-scale have
promoted deep and efficient adaptations to freezing conditions. In addition to ice caps and
sea ice, polar regions also possess unusual microbiotopes such as porous rocks in Antarctic
dry valleys hosting microbial communities surviving at -60 °C (Cary et al., 2010), the liquid
brine veins between sea ice crystals harboring metabolically-active microorganisms at -20 °C
(Deming, 2002) or permafrost cryopegs, i.e. salty water pockets that have remained liquid at
-10 °C for about 100 000 years (Gilichinsky et al., 2005). Psychrophiles and their biomolecules
also possess an interesting biotechnological potential, which has already found several
applications (Margesin & Feller, 2010).

Cold exerts severe physicochemical constraints on living organisms including increased
water viscosity, decreased molecular diffusion rates, reduced biochemical reaction rates,
perturbation of weak interactions driving molecular recognition and interaction,
strengthening of hydrogen bonds that, for instance, stabilize inhibitory nucleic acid
structures, increased solubility of gases and stability of toxic metabolites as well as reduced
fluidity of cellular membranes (D'Amico et al., 2006; Gerday & Glansdorff, 2007; Margesin et
al., 2008; Rodrigues & Tiedje, 2008). Previous biochemical studies have revealed various
adaptations at the molecular level such as the synthesis of cold-active enzymes by
psychrophiles or the incorporation of membrane lipids promoting homeoviscosity in cold
conditions. It was shown that the high level of specific activity at low temperatures of cold-
adapted enzymes is a key adaptation to compensate for the exponential decrease in
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chemical reaction rates as the temperature is reduced. Such high biocatalytic activity arises
from the disappearance of various non-covalent stabilizing interactions, resulting in an
improved flexibility of the enzyme conformation (Feller & Gerday, 2003; Siddiqui &
Cavicchioli, 2006; Feller, 2010). Whereas membrane structures are rigidified in cold
conditions, an adequate fluidity is required to preserve the integrity of their physiological
functions. This homeoviscosity is achieved by steric hindrances introduced into the lipid
bilayer via incorporation of cis-unsaturated and branched-chain lipids, a decrease in average
chain length, and an increase both in methyl branching and in the ratio of anteiso- to iso-
branching (Russell, 2007).

More recently, several genomes from psychrophilic bacteria have been sequenced (Danchin,
2007; Casanueva et al., 2010) but only a few of them have been analyzed with respect to cold
adaptation (Saunders et al., 2003; Rabus et al., 2004; Medigue et al., 2005; Methe et al., 2005;
Riley et al., 2008; Rodrigues et al., 2008; Allen et al., 2009; Ayala-del-Rio et al., 2010). However,
the lack of common features shared by all these psychrophilic genomes has suggested that
cold adaptation superimposes on pre-existing cellular organization and, accordingly, that
the adaptive strategies may differ between the various microorganisms (Bowman, 2008;
Piette et al., 2010).

The Gram-negative bacterium Pseudoalteromonas haloplanktis is a typical representative of -
proteobacteria found in cold marine environments and, in fact, strain TAC125 has been
isolated from sea water sampled along the Antarctic ice-shell (Terre Adélie). Such strains
thrive permanently in sea water at about -2 °C to +4 °C but are also anticipated to endure
long term frozen conditions when entrapped in the winter ice pack. The genome of P.
haloplanktis TAC125 has been fully sequenced and has undergone expert annotation
(Medigue et al., 2005). This work has allowed a proteomic study of its cold-acclimation
proteins (CAPs), i.e. proteins that are continuously overexpressed at a high level during
growth at low temperatures (Piette ef al., 2010). This has demonstrated that protein synthesis
and protein folding are the main up-regulated functions, suggesting that both cellular
processes are limiting factors for bacterial development in cold environments. Furthermore,
a proteomic survey of cold-repressed proteins at 4 °C has revealed a strong repression of
most heat shock proteins (Piette et al., 2011). This chapter describes the various proteomic
features analyzed in the context of adaptation to life at low temperature.

2. Temperature dependence of growth

The ability of P. haloplanktis to grow at low temperatures is illustrated in Fig. 1. This
psychrophilic Antarctic bacterium maintains a doubling time of ~4 h at 4 °C in a marine
broth, with an extrapolated generation time of 5 h 15 at 0 °C (Fig. 1a). This can be compared
with the behavior of a mesophilic bacterium such as E. coli, which displays a doubling time
of ~8h at 15 °C and which fails to grow below ~8 °C (Strocchi et al., 2006). When the culture
temperature is raised up to 20 °C, the generation time moderately decreases (e.g. 1 h 40 at 18
°C) with a concomitant increase in the biomass produced at the stationary phase (Fig. 1b). At
temperatures higher than 20 °C, the doubling time of P. haloplanktis slightly increases again
with, however, a drastic reduction in cell density at the stationary phase (Fig. 1b), indicating
a heat-induced stress on the cell. P. haloplanktis TAC125 fails to grow above 29 °C, thereby

1 The abbreviations used are: CAPs, cold acclimation proteins; CRPs, cold repressed proteins; TF, trigger
factor; ROS, reactive oxygen species
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Fig. 1. (a) Temperature dependence of the generation time of Pseudoalteromonas haloplanktis
TAC125 grown in a marine broth (solid line and circles). A typical curve for E. coli RR1 in LB
broth is shown for comparison (dashed) (b) Growth curves of P. haloplanktis at 4°C (o), 18°C
(®) and 26°C (m). Reprinted with permission from Piette et al., 2011. © 2011 American Society
for Microbiology.

defining its upper cardinal temperature. According to this growth behavior, the
temperatures of 4 °C and 18 °C were selected for the differential comparison of the
proteomes, as 18 °C does not induce an excessive stress as far as growth rate and biomass
are concerned.

The fast growth rate of the Antarctic bacterium is primarily achieved by a low temperature
dependence of the generation times when compared with a mesophilic bacterium, i.e. the
generation time of P. haloplanktis is moderately increased when the culture temperature is
decreased (Fig. 1a). It should be stressed that enzymes from cold-adapted organisms are
characterized by both a high specific activity at low temperatures and a low temperature
dependence of their activity (formally, a weak activation enthalpy), i.e. reaction rates of
psychrophilic enzymes are less reduced by a decrease in temperature as compared with
mesophilic enzymes (D'Amico et al., 2003; Feller & Gerday, 2003). Accordingly, the growth
characteristics of the Antarctic bacterium (Fig. 1a) appear to be governed by the properties
of its enzymatic machinery: high enzyme-catalyzed reaction rates maintain metabolic fluxes
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and cellular functions at low temperatures, whereas the weak temperature dependence of
enzyme activity counteracts the effect of cold temperatures on biochemical reaction rates.

3. Cold-induced versus cold-repressed proteins

The proteomes expressed by the Antarctic bacterium at 4 °C and 18 °C during the
logarithmic phase of growth have been compared by two-dimensional differential in-gel
electrophoresis (2D-DIGE), enabling the co-migration in equal amounts of cell extracts
obtained from both conditions (labeled by distinct CyDye fluorophores) in triplicate gels

(Fig. 2).

Fig. 2. Comparison of intracellular soluble proteins from P. haloplanktis grown at 4°C (red-
labeled) and 18°C (green-labeled) on 2D-DIGE gels analyzed by fluorescence. From left to
right, non-linear gradient from pH 3 to pH 10. From top to bottom, mass scale from ~150 to
~15 kDa. The intense red fluorescence of the trigger factor (TF) spot correlates with its up-
regulation at 4°C, whereas the intense green fluorescence of the DnaK spot correlates with
its down-regulation Adapted with permission from Piette ef al., 2010. © 2010 Wiley.

In a typical single 2D-gel (Fig. 3), 142 protein spots are more abundant at 4 °C. As protein
extracts were prepared from cells growing exponentially at this temperature, all up-
regulated proteins at 4°C are regarded as CAPs. Furthermore, 309 protein spots are less



Life in the Cold: Proteomics of the Antarctic Bacterium Pseudoalteromonas haloplanktis 97

" t i
2 _,.',; . ‘rh‘ o ’ b " L]
K % _-.'1 1 ﬂtﬂ ﬂ' b ! ‘: ' =8 T 'I:

15'5 ll'I.'I ! B 4

Fig. 3. Differential analyses of soluble cellular proteins from Pseudoalteromonas haloplanktis
grown at 4°C (left panels) and 18°C (right panels) on 2D-DIGE gels analyzed by
fluorescence. (a) 142 protein spots that are more intense at 4°C are indicated. (b) 309 protein
spots that are less intense at 4°C are indicated. Reprinted with permission from Piette et al.,
2011. © 2011 American Society for Microbiology.

intense at 4 °C as compared with 18 °C. This unexpected large number of cold-repressed
proteins (CRPs) already indicates that numerous cellular functions are down-regulated
during growth at low temperature.

The induction factors for CAPs and the repression factors for CRPs, given by the spot
volume ratio between 4 °C and 18 °C are illustrated in Fig. 4. This distribution shows that
most CAPs and CRPs have a five-time higher or lower relative abundance at 4 °C. However,
about 20% of these differentially expressed proteins display up- or down-regulation factors
higher than 5, revealing that some key cellular functions are strongly regulated. Amongst all
these differentially expressed proteins, 40 CAPs and 83 CRPs were retained, which satisfied
both statistical biological variation analysis and mass spectrometry identification scores, as
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Fig. 4. Distribution of the relative abundance of cold-repressed proteins (dashed, negative
values) and of cold acclimation proteins (positive values) in the proteome of P. haloplanktis
grown at 4°C and 18°C. Reprinted with permission from Piette et al., 2011. © 2011 American
Society for Microbiology.

detailed in the original publications (Piette et al., 2010; Piette et al., 2011). Accordingly, the
identified proteins should be analyzed as markers of a pathway or of a general function,
rather than for their specific function as they represent 27% of the differentially expressed
proteins at 4°C.

4. Cold shock and heat shock proteins

One of the most remarkable features of the differentially expressed proteome of P.
haloplanktis is the strong up-regulation at 4°C of proteins that are regarded as cold shock
proteins in mesophilic bacteria, as well as the down-regulation to nearly undetectable levels
of proteins classified as heat shock proteins (Fig. 5).

Cold shock proteins that have been identified as CAPs in P. haloplanktis include Pnp (+4x),
TypA (+5x) and the trigger factor TF (+38x) that are involved in distinct functions
(degradosome, membrane integrity and protein folding, respectively). Sustained synthesis
of various cold shock protein-homologues has been also reported in other cold-adapted
bacteria (Bakermans et al., 2007, Kawamoto et al., 2007; Bergholz et al., 2009). There are
therefore striking similarities between the cold shock response in mesophiles and cold
adaptation in psychrophiles. From an evolutionary point of view, it can be proposed that
one of the adaptive mechanisms to growth in the cold was to regulate the cold shock
response, shifting from a transient expression of cold shock proteins to a continuous
synthesis of at least some of them. Interestingly, nearly all proteins displaying the highest
repression factors at 4°C are heat shock proteins (Rosen & Ron, 2002) including the main
chaperones DnaK (-13x) and GroEL (-3.4x), the accessory chaperones such as Hsp90 (-28x),
the small heat shock proteins IbpA (-24x) and IbpB (-18x), as well as LysS (-17x).
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Fig. 5. Comparative analysis of spots containing the trigger factor TF (a cold shock protein)
and DnaK (a heat shock protein) from P. haloplanktis grown at 4°C (left panels) and 18°C
(right panels). Spot views on 2D-gels (circled) and three-dimensional images. Adapted with
permission from Piette et al., 2010; Piette et al., 2011. © 2010 Wiley and © 2011 American

Society for Microbiology.
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In mesophilic bacteria such as E. coli, cold shock and heat shock proteins are transiently
expressed in response to temperature downshift and upshift, respectively. By contrast, the
Antarctic bacterium continuously over-expresses some cold shock proteins (Piette et al.,
2010) whereas most heat shock proteins are continuously repressed at 4 °C. It is obvious that
regulation of the expression of these proteins involved in thermal stress is a primary
adaptation to bacterial growth at low temperatures that remains to be properly explained.

5. Protein folding at low temperature rescued by the trigger factor

In bacteria, the three main chaperones are the trigger factor TF, a cold shock protein that
stabilize nascent polypeptides on ribosomes and initiate ATP-independent folding, DnaK
that mediates co- or post-transcriptional folding and the GroEL/ES chaperonin that acts
downstream in folding assistance (Hartl & Hayer-Hartl, 2009). Both latter chaperones are
also well-known heat shock proteins. The trigger factor TF (+38x up-regulated at 4°C) is the
first molecular chaperone interacting with virtually all newly synthesized polypeptides on
the ribosome. It delays premature chain compaction and maintains the elongating
polypeptide in a non-aggregated state until sufficient structural information for productive
folding is available and subsequently promotes protein folding (Merz et al., 2008; Hartl &
Hayer-Hartl, 2009; Martinez-Hackert & Hendrickson, 2009). Furthermore, TF also contains a
domain catalyzing the cis-trans isomerization of peptide bonds involving a proline residue
(Kramer et al., 2004). This cis-trans isomerization is a well-known rate-limiting step in
protein folding (Baldwin, 2008). On the other hand the major heat shock proteins were
identified as strongly cold-repressed proteins in the proteome of P. haloplanktis (or, in other
words, they are up-regulated at 18°C). The overexpression of bacterial heat shock proteins at
elevated temperatures is well recognized as being indicative of a heat-induced cellular stress
(Rosen & Ron, 2002; Goodchild et al., 2005). Although this is obviously relevant for the
Antarctic bacterium grown at 18 °C, the implications for the psychrophilic strain appear to
be more complex. Indeed, these heat shock proteins are chaperones assisting co- or post-
translational protein folding (Hartl & Hayer-Hartl, 2009). Furthermore, it has been
demonstrated that GroEL from P. haloplanktis is not cold-adapted, it is inefficient at low
temperatures as its activity is reduced to the same extent than that of its E. coli homologue
(Tosco et al., 2003). Accordingly, under this imbalanced synthesis of folding assistants,
protein folding at low temperature is apparently compromised in the Antarctic bacterium.
Considering the down-regulation of heat shock chaperones and the inefficiency of GroEL
from P. haloplanktis at low temperature, as well as the essential function of TF in the
initiation of proper protein folding, it can be proposed that TF rescues the chaperone
function at low temperatures, therefore explaining its unusual overexpression level. It
follows that TF becomes the primary chaperone of the Antarctic bacterium for growth in the
cold. Although the psychrophilic bacterium maintains a minimal set of chaperones, this is
obviously sufficient to allow bacterial development at low temperature.

6. Possible origins of heat shock protein repression at low temperature

The strong overexpression of TF at low temperature can be understood according to its
above mentioned essential function. By contrast, the reasons for the concomitant repression
of heat shock chaperones in the Antarctic bacterium remain hypothetical. At least four
possible origins, not mutually exclusive, can be mentioned. i) Low temperature slows down
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the folding reaction and is well known to reduce the probability of misfolding and
aggregation (King et al, 1996), therefore possibly reducing the need for heat shock
chaperones that act downstream from TF. ii) In E. coli, it has been shown that synthesis of
heat shock proteins is repressed during growth at low temperatures, but also that these heat
shock proteins are harmful to cells at 4 °C, as their induced expression reduces cell viability
at this temperature (Kandror & Goldberg, 1997). Accordingly, the observed cold-repression
of heat shock proteins would be beneficial to the psychrophilic bacterium. iij) To our
knowledge, the reasons for this harmful effect of heat shock proteins have not been
investigated. A possible explanation could be found in the second function of these
chaperones. Indeed, besides their role in folding assistance, many heat shock proteins bind
partly folded polypeptides and promote their fast degradation by proteases Lon and Clp. In
addition, TF enhances the binding affinity of some heat shock proteins for these partly
folded polypeptides (Kandror et al., 1995; Kandror et al., 1997). In the case of the Antarctic
bacterium, heat shock chaperones would then have an increased ability to bind slowly
folding polypeptides at low temperatures and to promote their unwanted degradation: this
would account for the cold repression of heat shock chaperones by P. haloplanktis. iv) The
observation that GroEL from the Antarctic bacterium is non cold-adapted (Tosco et al., 2003)
suggests that this chaperonin is well suited to function during sudden temperature increases
of the environment. Indeed, microorganisms subjected to seasonal or local temperature
variations (e.g. melting sea ice, polar surface soils, etc.) would advantageously maintain a
heat shock response involving non cold-adapted chaperones remaining active at transiently
high temperatures.

7. Structural properties of the psychrophilic trigger factor

According to its essential function in P. haloplanktis, the psychrophilic TF has been analyzed
into more details. Its amino acid sequence (47,534 Da) displays 61% identity (85% similarity)
on 434 residues with its homologue from E. coli. Its sequence is also close to that of some
known TF from psychrophilic bacteria. The pronounced sequence similarity and predicted
secondary structure conservation with E. coli TF suggest that the psychrophilic chaperone
should also folds into an extended “crouching dragon” conformation (Ferbitz et al., 2004)
comprising three domains (Fig. 6). The N-terminal domain mediates ribosome attachment
via an exposed loop, the PPlase activity domain located at the opposite end of the molecule
(Kramer et al., 2004) and the C-terminal domain forming the body of the protein and bearing
the central module of chaperone activity (Merz et al., 2006).

In order to analyze the psychrophilic TF, its gene has been cloned and overexpressed in E.
coli and the recombinant protein has been purified to homogeneity (Piette et al., 2010). Its
thermal stability was investigated by differential scanning calorimetry. Fig. 7 shows that TF
from the Antarctic bacterium is a marginally stable protein, exhibiting a melting point T}, at
33°C. It follows that at a typical mesophilic temperature of 37°C, almost all the protein
population is already in the unfolded state. In addition, the calorimetric enthalpy is also
very weak (AH.q = 82.5 kcal mol-, the sum of all enthalpic contributions to protein stability
disrupted during unfolding and calculated from the area under the transition). By
comparison, a Ty, of 54°C and a calorimetric enthalpy of 178 kcal mol! have been reported
for the E. coli trigger factor analyzed by DSC (Fan et al., 2008). Despite its modular structure,
P. haloplanktis TF unfolds according to a perfect 2-state transition (Fig. 7), i.e. without
significantly populated intermediates between the native and the unfolded states. This
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Fig. 6. Domain organization in the trigger factor structure (based on E. coli trigger factor:
PDB 1W26). The N-terminal domain mediating ribosome attachment (aa 1-144) is in red, the
PPiase domain (aal45-247) is in yellow and the C-terminal domain bearing the central
module of the chaperone activity (aa 248-432) is in green. As a result of the strong
conservation of primary and predicted secondary structures in P. haloplanktis TF, a model of
its structure built by homology modeling is undistinguishable from the E. coli crystal
structure. Reprinted with permission from Piette et al., 2010. © 2010 Wiley.

indicates that the psychrophilic TF is uniformly unstable and unfolds cooperatively. To the
best of our knowledge, P. haloplanktis TF is the least stable protein reported so far. This
strongly suggests that the essential chaperone function requires considerable flexibility and
dynamics to compensate for the reduction of molecular motions at freezing temperatures.

The E. coli trigger factor has been reported to undergo in vitro a concentration-dependent
dynamic equilibrium between the monomeric and the dimeric forms. Static light scattering
experiments performed in batch mode provided a mean particle mass of 51 kDa and 106
kDa for P. haloplanktis and E. coli TF, respectively. This is in agreement with a monomeric
psychrophilic TF and a dimeric E. coli TF. However, in dynamic light scattering the particle
polydispersity (size distribution) of P. haloplanktis TF was twice that of E. coli TF, suggesting
that the psychrophilic TF may possibly perform transient intermolecular interactions. These
observations are in line with a report showing that the trigger factor from the psychrophile
Psychrobacter frigidicola is a monomeric chaperone (Robin et al., 2009). The interpretation of
these differences in oligomerization state remains to be properly explained but suggest
noticeable differences between psychrophilic and mesophilic bacteria for the TF function in
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Fig. 7. Microcalorimetric analysis of the trigger factor from P. haloplanktis. The melting point
T corresponds to the top of the transition at 33°C. The calorimetric enthalpy AH
corresponds to the area under the transition. The red dashed line corresponds to the fit of
the DSC data to a two-state unfolding transition. Baseline-subtracted data have been
normalized for protein concentration (2.6 mg/ml in 30 mM Mops, 250 mM NaCl, pH 7.6.).
Adapted with permission from Piette et al., 2010. © 2010 Wiley.

the cytoplasmic fraction, when not bound to the ribosome. Finally, in a typical refolding
assay monitoring chaperone activity, it has been found that P. haloplanktis TF is inactive at
20°C and recovers partial activity at 15°C. It was also shown that this TF requires near-zero
temperatures (Fig. 8) to efficiently bind an unfolded protein (Piette et al., 2010). This
illustrates a remarkable cold adaptation of the chaperone function in the psychrophilic TF.

8. Protein synthesis and folding are limiting factors in the cold

Thirty percent of the identified CAPs are directly related to protein synthesis and cover all
essential steps, from transcription (including RNA polymerase RpoB) to translation and
folding (TF, PpiD). Amongst these CAPs, for instance, genes pnp and rpsA encode
components of the degradosome that regulates transcript lifetimes. The Rho termination
factor is a RNA/DNA helicase that can contribute to relieve nucleic acid secondary
structures strengthened in cold conditions. Interestingly, mutations in the ribosomal
protein L6 (RplF) have been reported to cause loss of E. coli cells viability at 0°C (Bosl &
Bock, 1981) and it is also a CAP in P. haloplanktis. Methionyl-tRNA synthetase MetG
displays one of the highest up-regulation ratio (+7.6x): this can be tentatively related to
the requirement of an increased pool of initiation tRNA to promote protein synthesis.
Two putative proteases were also identified as CAPs and can potentially participate to
proteolysis of misfolded proteins.
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Fig. 8. Detection of the chaperone activity of the psychrophilic TF. Aggregation at 15°C of a
chemically unfolded protein (glyceraldehyde-3-phosphate dehydrogenase) is monitored by
absorbance at 600 nm after incubation in melting ice. In the absence of TF (black trace),
aggregation occurs as soon as the temperature is raised. By contrast, TF suppresses
aggregation for 10-15 min (blue trace). Adapted with permission from Piette et al., 2010. ©
2010 Wiley

In the last step of protein synthesis, the folding catalyst TF acts on proteins synthesized by
the ribosome and also catalyses peptidyl-prolyl cis-trans isomerisation (PPiase) while PpiD
(another PPiase) is involved in the folding of outer membrane proteins. Peptidyl-prolyl cis-
trans isomerisation appears therefore as a limiting factor for a wide range of proteins in P.
haloplanktis. Furthermore, some previous studies on cold-adapted microorganisms have
reported either PPiases (Goodchild et al., 2004b; Suzuki et al., 2004) or the trigger factor (Qiu
et al., 2006; Kawamoto et al., 2007) as potential CAPs. It seems therefore that the constraints
imposed by protein folding in the cold are common traits in several psychrophilic
microorganisms.

Altogether, these observations strongly suggest that low temperatures impair protein
synthesis and folding, resulting in up-regulation at 4°C of the associated cellular processes.

9. Metabolism depression at low temperatures

Nearly half of down-regulated proteins at 4°C are related to superclasses of function
involved in the bacterial general metabolism. This includes the degradation or biosynthesis
of compounds and the production of energy. Most of these proteins belong to the oxidative
metabolism, in particular to glycolysis, the pentose phosphate pathway, Krebs cycle and
electron chain transporters. Accordingly, the Antarctic bacterium depresses its general
metabolism when grown at low temperature. This is in agreement with the reduced biomass
produced at 4 °C as compared with cultures run at 18 °C (Fig. 1b). As mentioned in the
previous section, protein synthesis and folding are limiting factors for the growth of P.
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haloplanktis at cold temperatures (Piette et al., 2010). However, the proteomic data indicates
that when these limitations are alleviated at 18 °C, the bacterium proliferates by activation of
its general metabolism and therefore divides actively and produces more biomass. The high
number of identified ribosomal proteins and of elongation factors involved in translation
indicates that protein synthesis is no longer limiting but is also stimulated at 18 °C.

10. Down-regulation of iron metabolism at low temperatures

Iron uptake and iron-related proteins are clearly down-regulated at 4 °C in P. haloplanktis.
The uptake of this essential element in an aquatic environment is mediated by several iron
transport systems. Two systems were found to be down-regulated at 4 °C: the ABC
transporter (FbpA) and a TonB-dependent receptor. The first is involved in the uptake of the
weakly soluble ferric ion (Fe3*) directly from the environment and the second is required for
the transport of heme complexes and ferric siderophores through the membrane (Clarke et
al., 2001). The reduced needs for iron by P. haloplanktis at 4 °C can be partly explained by the
down-regulation of the Krebs cycle and respiratory chain (and their iron-containing
complexes such as SdhB), by the repression of HmgA, which requires Fe2* to degrade cyclic
amino-acids or by the strong down-regulation of catalase (which is made up of four heme
groups). Hemes are tetrapyrroles that have porphobilinogen as a precursor: this is in
agreement with the down-regulation of both GItX (glutamyl-tRNA synthetase) and HemB
(5-aminolevulinate dehydratase), which are responsible for porphobilinogen synthesis.
Various metallic ions are essential to the cell metabolism and therefore the fact that
proteomic data only points to cold repression of iron-related proteins is puzzling. Iron in a
redox-active form (Fe2*) is potentially deleterious, as it is able to induce oxidative cell
damage by the Fenton reaction, for instance (Valko ef al., 2005). It can be tentatively
proposed that, as a result of the improved stability of ROS (reactive oxygen species) at low
temperatures, the down-regulation of iron-related proteins could contribute to an avoidance
of such detrimental iron-based reactions. In this respect, it should be mentioned that the
genome of P. haloplanktis entirely lacks the ubiquitous ROS-producing molybdopterin
metabolism (Medigue ef al., 2005). This suggests that the Antarctic bacterium tends to avoid
ROS production involving metallic ions.

11. Oxidative stress-related proteins

The pattern of oxidative stress-related proteins in P. haloplanktis is complex because some
have been identified as CAPs, while others were found to be CRPs. For instance, glutathione
synthetase is the second main up-regulated protein at 4°C (+13.2x) and superoxide
dismutase (+1.6x) was also detected as a CAP. This is a clear indication of a cellular response
to an oxidative stress arising from increased dioxygen solubility and ROS stability. On the
other hand, the second group of proteins that displays the highest repression factors at 4 °C
is represented by the oxidative stress-related proteins catalase (-6.5x), glutathione reductase
(-8.1x) and peroxiredoxin (-15.7x). At first sight, this may be regarded as a conflicting result
because conclusive evidences have indicated that psychrophiles are exposed to a permanent
oxidative stress at low temperatures, which originates from improved dioxygen solubility
and increased ROS stability (Rabus et al., 2004; Medigue et al., 2005, Methe et al., 2005;
Duchaud et al., 2007; Bakermans ef al., 2007; Ayub ef al., 2009; Piette et al., 2010). In order to
reconcile these apparent contradictions, it should be recalled that the general aerobic
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metabolism of the Antarctic bacterium is stimulated at 18 °C, also resulting in ROS
production. Accordingly, the identified oxidative stress-related proteins would be better
regarded as being induced at 18 °C, rather than repressed at 4 °C.

The up-regulation of catalase and peroxiredoxin at 18°C shows that the bacterium needs to
be protected against ROS like H>O; as both enzymes catalyze its decomposition into O, and
H>O. Under oxidative stress, the NADPH supply for reduced glutathione regeneration is
also dependent on glucose-6-phosphate dehydrogenase (Zwf) in the first step of the pentose
phosphate pathway, and indeed Zwf is positively regulated at 18 °C. Glutathione reductase
(Gor) plays a central role in the reoxidation of NADPH from the pentose phosphate
pathway, allowing formation of reduced glutathione, an important cellular antioxidant. The
up-regulated DNA-binding DPS protein (DpsB) plays a major role in the protection of
bacterial DNA from damage by ROS and is induced under stress conditions. Some DPS
proteins are also able to bind iron and are involved in its storage and in the protection of the
cell (Haikarainen & Papageorgiou, 2010).

There is obviously a finely-tuned balance between the cellular mechanisms protecting
against oxidative stresses generated by low temperatures (resulting from ROS stability and
oxygen solubility) and by high temperatures (resulting from stimulated metabolic activity).
The number of identified proteins does not allow a detailed description of this balance but
the strong involvement of glutathione synthetase, glutathione reductase and the

Microorganism Source Technique Ref.
Bacillus psychrosaccharolyticus ~ Soil, marshes 2D-PAGE 1
Methanococcoides burtonii Ace Lake, Antarctica LC/LC-MS/MS 2
Methanococcoides burtonii Ace Lake, Antarctica 2D-PAGE 3
Methanococcoides burtonii Ace Lake, Antarctica ICAT LC MS 4
Methanococcoides burtonii Ace Lake, Antarctica LCMS 5
Methanococcoides burtonii Ace Lake, Antarctica SDS-PAGE LC-MS/MS 6
Exiguobacterium sibiricum Siberian permafrost 2D LC MS 7
Shewanella livingstonensis Antarctic seawater 2D-PAGE 8
Psychrobacter cryohalolentis Siberian permafrost 2D-PAGE 9
Psychrobacter articus Siberian permafrost 2-D HPLC & MS 10
Moritella viscosa Atlantic salmon 2D-PAGE 11
Psychrobacter articus Siberian permafrost 2D-PAGE 12
Sphingopyxis alaskensis Alaska seawater GeLC-MS/MS 13
Methanococcoides burtonii Ace Lake, Antarctica LC/LC-MS/MS 14
Lactococcus piscium strain seafood products 2D-PAGE 15
Pseudoalteromonas haloplanktis ~ Antarctic seawater 2D-DIGE 16
Methanococcoides burtonii Ace Lake, Antarctica 8-plex iTRAQ 17
Acidithiobacillus ferrooxidans Mine drainage, Canada 2D-PAGE 18

Table 1. Proteomic studies performed on psychrophilic microorganisms. References: 1, Seo et
al., 2004; 2, Goodchild et al., 2004a; 3, Goodchild et al., 2004b; 4, Goodchild et al., 2005; 5,
Saunders et al., 2005; 6, Saunders et al., 2006; 7, Qiu et al., 2006; 8, Kawamoto et al., 2007; 9,
Bakermans et al., 2007; 10, Zheng et al., 2007; 11, Tunsjo et al., 2007; 12, Bergholz et al., 2009;
13, Ting et al., 2010; 14, Williams et al., 2010; 15, Garnier et al., 2010; 16, Piette et al., 2010;
Piette et al., 2011; 17, Williams et al., 2011; 18, Mykytczuk et al., 2011.
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identification of enzymes belonging to the pentose phosphate pathway suggest that
regulation of the cytoplasmic redox buffering capacity via glutathione is a key component.

12. Other proteomic studies

A selection of recent proteomic studies on psychrophilic and cold-adapted microorganisms
is listed in Table 1. It is worth mentioning that the CAPs and CRPs identified in these
studies do not constitute a conserved set of proteins in terms of identification and
expression level. Nevertheless, a survey of these data shows that the main upregulated
functions for growth at low temperatures are protein synthesis (transcription, translation),
RNA and protein folding, membrane integrity and transport, antioxidant activities and
regulation of specific metabolic pathways. Such heterogeneous upregulation of CAPs
supports the view that cold-adaptation mechanisms are constrained by the species-specific
cellular structure and organization, resulting in distinct adaptive strategies. This hypothesis
is based on a previous observation made by Bowman (2008). In a review of genome data
from psychrophiles, he concluded that the lack of common features shared by these
genomes suggests that cold adaptation superimposes on pre-existing cellular organization
and, accordingly, that the adaptive strategies may differ between the various
microorganisms.

13. Conclusions

The capacity of psychrophilic bacteria to thrive successfully in permanently cold
environments obviously requires a vast array of adaptations. At least two prerequisites to
this environmental adaptation can be cited: 7) from a functional standpoint, the synthesis of
cold-active enzymes is required to support the bacterial metabolism and its energy
production (Feller & Gerday, 2003; Siddiqui & Cavicchioli, 2006; Feller, 2010), and ii) from a
structural standpoint, the synthesis of cold-adapted lipids is required to maintain the cell
membrane integrity, fluidity and functions (Russell, 2007). It should be noted that the first
adaptation is genetically encoded in the protein sequence (and results from a long term
adaptation), whereas the second adaptation involves regulation of pre-existing biosynthetic
pathways. However, neither of these basic adaptations is sufficient because low temperature
induces physicochemical constraints that are unavoidable but that can be attenuated by
cellular mechanisms. For instance, low temperature reduces molecular diffusion rates and
also increases water and cytoplasmic viscosity. It can be proposed that both
physicochemical constraints are responsible for the rate limiting steps of P. haloplanktis
growth in the cold, namely protein synthesis and folding, as deduced from proteomic
experiments. Indeed, bacterial protein synthesis is one of the most complex cellular
processes and requires diffusion and docking of numerous partners with ribosomes
(mRNA, tRNA, initiation factors, elongation factors, GTP...). Assuming a high, cold-active
ribosomal efficiency (although this has not been demonstrated to date), its synthetic activity
would be nevertheless restricted by diffusion and availability of the required partners. The
rate of protein folding is also limited by low temperatures. This is an entropically-driven
process governed by the chemical nature of the polypeptide chain and of water molecules.
Furthermore, the main protein chaperones are not catalysts per se but rather they assist in
protein folding and prevent or relieve misfolding. The above mentioned physicochemical
constraints exert their effects on all psychrophiles and it can be anticipated that protein
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synthesis and folding are also limiting for these microorganisms, unless specific adaptive
mechanisms have been developed.

Considering the constraints on protein folding, one would expect the activation of the full
set of protein chaperones. By contrast, we found that the Antarctic bacterium strongly over-
expresses the trigger factor (a cold-shock protein in E. coli) and represses the major
chaperones (also HSPs in E. coli) at 4 °C. Interestingly, the same trend has been reported for
E. coli grown at low temperatures (Kandror & Goldberg, 1997). This antagonism between
cold-shock and heat-shock chaperones appears to be a common feature in these bacteria, but
the origin of this antagonism remains hypothetical as discussed in section 6.

Increased dioxygen solubility and ROS stability is another physicochemical constraint
exerted on psychrophilic microorganisms. Indeed, we have noted the activation of oxidative
stress protection mechanisms in P. haloplanktis grown at 4 °C. Furthermore, the repression of
iron-related proteins at 4 °C seems to be related to the avoidance of Fenton-type reactions
(Valko et al., 2005). The genome of P. haloplanktis also reveals several insights into ROS
protection such as deletion of ROS producing pathways, several occurrences of
dioxygenases and the repair mechanisms of oxidized compounds (Medigue et al., 2005).
Similar observations have been made in the genome and proteome of other psychrophilic
microorganisms (Rabus et al., 2004; Medigue et al., 2005; Methe et al., 2005; Duchaud ef al.,
2007; Bakermans et al.,, 2007, Ayub et al., 2009; Piette et al., 2010), revealing a general
constraint on these bacteria. However, we found that at 18 °C, another type of oxidative
stress is induced by stimulation of metabolic activity. This balance between cold-induced
and heat-induced oxidative stresses deserves further investigation.

Our proteomic data points to a global reduction of the general metabolism in the Antarctic
bacterium at 4 °C. If the behavior of the psychrophilic bacterium were extrapolated at near
freezing temperatures, it is anticipated that its metabolism would be further depressed. It is
worth mentioning that ancient bacteria survival has been reported in frozen samples of up
to half a million years old and such viability has been correlated with the capacity to slowly
repair DNA (Johnson et al., 2007). The temperature dependence of the metabolic pattern in
psychrophilic bacteria can thus be summarized as follows. During the prevailing cold
conditions in polar environments, these bacteria remain metabolically active (Deming, 2002)
but their growth can be limited by some temperature-sensitive cellular processes (protein
synthesis and folding in the case of P. haloplanktis). When the environmental temperature
transiently increases, both their metabolism and cell division are stimulated. Besides an
elemental thermodynamic effect on the cell unit, this can also be regarded as an adaptive
strategy to increase the viable population during short warmer periods. By contrast, at
extremely low temperatures or during long-term freezing survival, these bacteria evolve
towards a dormancy state with minimal cellular metabolic activity aimed at preserving the
cell’s genetic program (Johnson et al., 2007). Various exogenic protective mechanisms have
also been proposed such as secreted exopolymers (Krembs & Deming, 2008) or particulate
matter association (Junge et al., 2004). From an ecological point of view, and in the context of
a possible global warming, a rise in the environmental temperature would mainly result in
the proliferation of bacteria such as P. haloplanktis.
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1. Introduction

The influx of data from the past ten years of large-scale plant genomes sequencing projects
have yielded the sequence, complete or in its final assembly level, of several plant genomes,
including Arabidopsis thaliana, Oryza sativa, Zea mays , Brachypodium distachyon, Cucumis
sativus, Populus trichocarpa, Medicago truncatula, Glycine max, Malus domestica, Physcomitella
patens, Selaginella moellendorfii, Sorghum bicolour, Theobroma cacao, Vitis vinifera, Prunus pumice,
Rricinus communis and Vigna radicata. This knowledge, combined with the implementation
of classical and innovative parallel high-throughput proteomic technologies associated to
new protein search algorithms, has triggered a growing interest in plant proteomics to
address a comprehensive analysis of cellular functions from the level of the plant to the
whole organisms in different physiological and environmental conditions. A number of
reviews have been recently written providing detailed insights into the basic lines of plant
proteomics studies (Baginsky, 2009; Rose et al. 2004). In addition a number of initiatives
such as the International Plant Proteomics Organization (INPPO) and The Plant Proteomics
Database (PPDB) have been launched recently to organize the massive amount of
information that emerged within the field of plant proteomics (Agrawal et al. 2011, Sun et al.
2009). Figure 1 highlights the rapid increase of scientific interest in plant proteomics that has
occurred in the last ten years with model species including Arabidopsis (Van Norman &
Benfey, 2009) and rice (Agrawal & Rakwal, 2011) which opened the way also for studying
non-model plants species.

The majority of plant proteomics studies to date can be divided into two basic categories:
the first involves protein annotation and profiling with the aim of separating and
cataloguing as many proteins extracted from whole cells and organelles as possible to
provide a snapshot of the major constituents of the proteome. The most notable examples of
descriptive plant proteomics are studies carried out in different organs of Arabidopsis
(Giavalisco et al. 2005, Baerenfaller et al. 2008, Joshi et al. 2011) and in rice (Agrawal et al.
2009, Koller et al.2002, Ferrari et al. 2011) where, respectively, 13,029 and 2,528 unique
proteins have been identified from several tissues. However it should be noted that entire
proteomes of single cell types cannot yet be fully mapped, as will be explained later, and to
date the number of protein entries in the UniprotKB database for plant organisms is still
limited to just above 500,000 which corresponds to less than 1/10th of the total number of
entries (Schneider et al. 2009). The second category of proteome analysis aims at revealing
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Fig. 1. Growth index of scientific papers using the word plant proteome within the search
engine Pubmed (updated to July 2011).

changes in protein expression in response to physiological and environmental stimuli and is
commonly termed comparative proteomics. It has been employed in a variety of studies
including wood formation (Gion et al. 2005), response to cold stress (Neilson et al.. 2011)
drought (Riccardi et al. 2004), heavy metal toxicity (Villiers et al.. 2011, Visioli et al. 2010a),
flower development (Theissen et al. 2001) and seed development (Hajduch et al. 2005). Only
a few plants have been intensively studied among the many plant species sequenced,
including Arabidopsis thaliana, the first plant to be sequenced (Kaul et al. 2000), which has a
short life cycle and it is easy to handle; rice (Oryza sativa), which is used as a model for cereal
monocots (Matsumoto et al. 2005); maize (Schnable et al. 2009) and poplar which is being
used as a model plant for woody species and for its economic and eco-physiological
relevance (Tuskan et al. 2006). Although the analysis of the “green” proteome has grown
rapidly we are still far away from an integrated understanding of plant proteome and
identification of the role of the many proteins involved in cross-talk between cross-linked
metabolic pathways. A challenge in comparative proteomics is the difficulty in delivering
large-scale protein quantification (Schulze & Usadel 2010) to assay global protein changes
elicited by biotic /abiotic events. A second problem is the inadequacy of current
technologies for analysing a representative proportion of the expressed proteins present in a
plant sample (Patterson 2004). This is mainly due to the dynamic range of protein
concentrations within plant cells which is estimated to be as wide as 105-106 (Pattersons &
Aebersold  2003). Abundant proteins such as RuBisCO (1,5-biphosphate
carboxylase/oxygenase), the world’s most abundant protein, can comprise up to 40% of
total protein content in green tissue. The same is true for seed storage proteins or other
housekeeping proteins which can be present at levels of 105 -107 molecules per cell. These
highly abundant proteins hinder the detection of the low abundance proteins such as
kinases, phosphatases, regulatory protein, transcription factors and rare membrane proteins
whose concentrations are below 10-100 molecules per cell. To deplete the more abundant
proteins from plant samples, many protocols require selective precipitations such as sucrose
density gradient centrifugation or FPLC anion-exchange chromatography (XI et al. 2006).
Unfortunately many of these approaches can be laborious, time consuming or require
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expensive equipment. Furthermore, proteomes are much more dynamic that genomes
resulting in a considerable increase in complexity when gene expression is analysed at the
protein level. While the human genome consists of approximately 30,000 genes, the
corresponding proteome is expected to include between 200,000 and 2 millions proteins due
to splicing and post-translational modifications (Gygi et al.1999). A similar situation is
expected in plants. For instance thousands of phosphorylation sites have been characterized
in plant proteins (Heazlewood et al. 2008) and it is likely that different post-translational
modifications of storage proteins could explain the discrepancy between these proteins and
the corresponding mRNAs abundances found in many plants living in temperate climates
(Dai et al. 2007, Holdsworth et al. 2008, Rose et al. 2004). Recently protein arrays, which
allow fast and parallel data analysis with miniaturization and automation, are emerging as a
tool to supplement classical proteomics concepts. Protein arrays are able to profile and
functionally characterize recombinant proteins encoded by globally or differentially
expressed cDNA clones (Bussow et al. 2001,) or by the high-throughput sub-cloning of ORFs
(Jahn et al. 2001).

2. Protein extraction

Isolation of intact total protein is the first and the most critical step toward any proteomics
study, in fact analysis of plant proteomes present very specific problems when compared to
other organisms. Proteins in plant cells are present at relatively low concentrations and
constitute highly heterogeneous populations as a consequence of their functional diversity.
Polypeptide molecular size, complexes (e.g. “clusters” or “modules” of interacting
molecules that carry out cellular functions), spatial and time-dependent concentrations (e.g.
proteins in the nucleus for transcription or in the mitochondrion for energy regeneration),
charge (pl ranges from 3 to 12) proteins present in compartments like the cytosol or distinct
organelles like the mitochondrion or plastid, to highly hydrophobic proteins embedded
within the different cell membranes are some aspects of this complexity. As a consequence a
multi-step procedure is often necessary to extract subsets of specific proteins. The key to
protein isolation is the efficient solubilization of different protein types, including
membrane proteins, with a minimum of handling time. The technique also needs to be
suitable for downstream proteomics analysis procedures with minimal post-extraction
artefacts and non-proteinaceous contaminants. The presence in plant cells of multiple
interfering substances such as proteases, polyphenols, tannins, pigments, waxes, high
carbohydrate/ protein ratio further complicates the eventual extraction, solubilisation and
separation procedures, that even under optimal conditions, results in the reduction of
approximately 25% of the expected proteome (Patterson 2004). No single protein extraction
protocol can capture an entire proteome, consequently a range of different extraction
protocols, involving many permutations of physical and chemical treatments, solvent and
buffers have been reported in literature (Rose et al. 2004, Baginsky 2009). A schematic
outline of protein extraction methods is shown in Figure 2.

In some cases specialized protocols have been developed to extract a specific subset of
proteins such as membrane or cell wall-associated proteins (Everberg et al. 2004). Specific
mass spectrometry compatible protein extraction protocols have been developed (Sheoran et
al. 2009). In addition, sequential extraction of tissues with a series of solvents can be effective
in decreasing protein complexity and in enhancing the detection of low abundant proteins
(Maltman et al. 2002). Extraction of plant proteins generally involves physical disruption by
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Fig. 2. Flow chart of proteins extraction methods which are highly dependent on cell type,
tissue and organs to be analyzed.

mechanical means, grinding, sonication, chemical or enzymatic lysis of the cell and release
of the contents into an extraction medium. Proteins are dissolved into a buffer solution as
close as possible in composition to the original intracellular medium with respect to pH and
ionic strength. To help protein solubilization, to protect them from hydrolysis or oxidation
and to remove non-proteinaceous constituents from the aqueous extract, additional
components are also added. Often subsequent separation and analytical steps may be
intolerant of these additives: for instance inorganic salts may interfere in electrospray mass
spectrometry, detergents in chromatographic and electrophoretic separations and in MALDI
mass spectrometry, while protease inhibitors cocktails may interfere in the digestion of the
proteins by trypsin. Thus it is essential to design extraction strategies with full knowledge of
the nature and sensitivities of further processing and analytical steps. Two excellent and
complementary methods currently in use to prepare a total plant protein extract are: i)
trichloroacetic acid (TCA)/acetone precipitation and ii) phenol extraction in combination
with different extraction buffers. Homogenization of the sample in 10% TCA dissolved in
acetone almost immediately inactivates proteases and precipitates proteins, in addition it
provides a means for delipidating membranes and releasing membrane associated proteins.
This procedure also allows interfering substances to be washed out from the precipitated
proteins and provides a clean sample for isoelectric focusing. While the TCA/acetone
procedure is extremely effective for many plant tissues, particularly for young growing
vegetative tissues, the method can sometimes result in the co-extraction of polymeric
contaminants such polysaccharides and phenolic compounds. In this case the second
protocol involving protein solubilization in phenol, with or without SDS, and subsequent
precipitation with methanol and ammonium acetate is preferred (Hurkman & Tanaka 1986).
A way to identify rare or hydrophobic proteins and increase the overall detectable
proportion of the proteome is to reduce the protein complexity. Protein profiling of isolated
organelles provides information about their enzymatic inventory and allows conclusions to
be made about the compartmentalization of metabolic pathways. A number of studies have
analyzed the proteomes of plant sub-cellular organelles including plastids (chloroplast,
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amyloplast, etioplast) ( Baginsky et al. 2007, Ferro 2010), mitochondria (Heazlewood et al.
2004), vacuoles (Schmidt et al. 2007), peroxisomes (Reumann et al. 2007). A significant
contribution of organelle proteomics to cell biology comes from the sub-cellular localization
of protein and enzymes that can not be inferred from genome sequences. Chloroplast
proteome analysis, for example, revealed that many proteins in the organelle were imported
into the chloroplast via the secretory pathway, without a predictable N-terminal transit
peptide (Friso et al. 2004). An exceptionally surprising finding given that it may explains
why some chloroplast proteins are glycosylated (Villarejo et al. 2005). Similarly a recent
proteome survey of Arabidopsis peroxisomes revealed the presence of unexpected proteins in
the peroxisomal matrix. Additional validation with GFP-tagged proteins allowed the
characterization of a novel peroxisomal targeting sequence (Reumann et al. 2007). A list of
references of the most common extraction methods for different plant tissues is shown in
table 1.

Tissue/organ Extraction methods reference

Suspension culture TCA/Acetone Laukens et al. 2007

cereal seeds TCA/ Acetone Brandlard and Bancel 2007

Xylem and Phloem sap TCA/ Acetone Kher and Rep 2007

Wood and other Phenol Faurobert et al. 2007

recalcitrant plant tissues

chloroplasts Sorbitol / Percoll van Wijk et al. 2007

mitochondria Mannitol/ Percoll Eubel et al. 2007

nucleus Glycerol/Ficoll Gonzales-Camacho and
Medina 2007

cell wall LiCl Watson and Summer 2007

pollen TCA/ Acetone Chen et al.2007

plasma membrane Glycerol/Dextran/PEG Santoni 2007

Table 1. Most common extraction methods of proteins from different plant tissues/organs

3. Protein separation

Two approaches have been generally used for analyses of plant proteins. Gel-based analysis
methods involve the separation of proteins from a complex mixture and are typically
accomplished by 2D-PAGE. With gel-free approaches, protein fractionation is carried out
using liquid chromatography devices. Both techniques involve the subsequent identification
and characterization of proteins by mass spectrometry. Initial analyses were carried out by
separating protein samples in the first dimension using self constructed isoelectro focusing
(IEF), followed by second dimension PAGE. In the last few years’ reproducibility, sample
loading and resolution of 2D gel electrophoresis have significantly improved with the
introduction of immobilised pH gradient strips in the first dimension. After separation
proteins are visualized by different staining techniques such as Silver staining and
Coomassie Brilliant Blue (CBB) and quantified by densitometry. An example of plant
sample arrayed by 2D- PAGE is outlined in figure 3.

By employing 2D-PAGE analyses it has been possible to analyse the rice and Arabidopsis
proteomes (Kamo et al. 1995, Tsugita et al. 1994) and undertake comparative quantification
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Fig. 3. Two-dimensional gel electrophoretogram of a total protein extract from barley tissue
(Marmiroli et al. 1993).

of cold or salt-stressed plants and identify the responsive protein mediators of stress signal
(Hajheidari et al. 2005). Recently 2D-PAGE has been used for establishing a protein
reference map for soybean root hair cells (Brechenmacher et al 2009). Although 2D-PAGE is
a robust and relatively straightforward technique and allows for the separation of up to
10,000 discrete proteins it has been criticized for being cumbersome and labor-intensive due
to the time consuming process of image analysis and gel-to-gel variations that can
complicate reproducibility (Taylor et al. 2011). Even with advanced 2D-PAGE analysis
software, a high number of computationally generated 2D-PAGE spots have to be compared
in a manual validation to get reliable accuracy (Hajduch et al. 2006). Moreover 2D-PAGE
provides only a rough estimate of a proteins quantity due to variations in staining efficiency
of individual gels and of its dependency on samples processing. 2D gels of plant proteins
are also problematic due to post-translational modifications, such phosphorylation,
glycosylation and myristoylation which cause proteins encoded by the same gene to migrate
at different locations on the gel. The same holds true for multiple protein isoforms arrayed
by 2D-PAGE. Low copy number proteins such as transcription factors, which are of
considerable interest in plant biology, are liable to lie beyond detection limits of 2D-PAGE.
Furthermore the number of spots resolved varies depending on the chosen tissue and plant
species and often a single spot can contain multiple proteins species complicating protein
identifications. Larger integral membrane proteins tend to be poorly soluble under common
experimental conditions and are thus under-represented in the 2D-gels. Sometimes reactions
of carbamylation, deamidation and isoaspartate formation occur during denaturing IEF
resulting in changes in a proteins isoelectric point and causing horizontal strings of spots
seen on 2D gels. 2D-PAGE is also notoriously difficult to automate which limits throughput
and results in greater experimental variability. In addition, the 2D-PAGE approach is
generally more suitable for analysis of soluble and peripheral membrane proteins. Recently
proteome analyses have been performed using “gel less” procedures based entirely on
liquid chromatography (LC). The main advantage of LC is that crude protein extracts can be
analysed after few purification steps thus achieving a higher level of reproducibility than
most of the chemical procedures, allowing a better comparison of protein patterns (Lambert
2005). The use of LC or two-dimensional liquid chromatography (2D-LC) separations is a
robust methods for characterizing large numbers of total plant protein samples and proteins
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from plant organelles or sub-cellular compartments, followed by selective intact-protein
analysis by MS (Pirondini et al. 2006) Among the different LC approaches a 2D-LC
separation technique called PF-2D, based on chromatofocusing (CF) in the first dimension
and high performance reversed phase (HPRP) liquid chromatography in the second
dimension, has been recently developed allowing a fine separation of high amount of
heterogeneous proteins. A dedicated software package then converts complex
chromatograms of a large number of fractions into easily visualized 2-D maps, “virtual
gels”, in which pH is plotted against the retention time (Figure 4).
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Fig. 4. PF-2D virtual separation gel of total protein extract from Arabidopsis thaliana
(Pirondini et al. 2006)

In silico analysis of different “virtual gels” can be used to generate a complete catalogue of
the qualitative and quantitative differences existing between different proteomes. Such an
approach has been successfully applied to the identification of proteins involved in plant
proteomic response to heavy metals and viruses (Larson et al. 2008, Visioli et al. 2010 b).
Affinity chromatography has also demonstrated its potential in plant proteomics to
overcome challenges associated with the enrichment of low-abundance proteins or to
deplete high-abundance proteins. Many tags are currently used in plant protein purification
including green fluorescent protein (Peckham et al. 2006), gluthatione S-transferase (Sridhar
et al.2006), hexahistidine (Koroleva et al. 2009), maltose binding protein (Koroleva et al. 2009
To improve the purification of plant protein complexes new protein tags (TAP tags) based
on Biotin carboxyl carrier domain have been developed (Qi & Katagiri 2009). One important
application of these techniques has been the investigation of post-translational modifications
(PTMs) in plant proteins, for example protein phosphorylation is one of the most extensively
studied PTMs in plants where -immobilized metal affinity chromatography (Fe-IMAC) is
widely used to enrich phosphopeptides from complex peptide mixtures (Kersten et al. 2009).
The same approaches can be employed to study other PMTs such as glycosylation and
ubiquitination (Morelle 2008). Affinity chromatography has also been applied to map
protein-protein interactions by isolating protein complexes (Morris 2008).
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4. Protein identification

Over the past decade the increasing availability of ESTs and genomic sequence data along
with the rapid advances in MS have paved the way for a new era of protein identification
and quantification. Generally two forms of mass spectrometry are used for protein
identifications, both of which employ “soft” ionization techniques (Fenn 2002, Tanaka et al.
1988). The first is matrix-assisted laser desorption ionization (MALDI)-time of flight (TOF)
mass spectrometry, used to perform peptide mass fingerprinting (PMF). The second is
electrospray (ESI), which is usually coupled to high performance liquid chromatography
(HPLC) sample separation, and is often used in tandem mass spectrometry to undertake
peptide fragmentation. With the rapid increase in MS popularity, an assortment of
instruments developed for different budgets and needs have become available (e.g. Waters,
AB Sciex, Bruker Daltonics, Shimadzu, Agilent Technologies and Thermo Scientific). The
improved mass accuracy, mass resolution and sensitivity allow for the rapid identification
of picomoles or even femtomoles of proteins and peptides if matching genomic sequence
data is available. The principle of mass spectrometry is outlined in figure 5.

Fig. 5. Main functions of a mass spectrometer

4.1 Matrix assisted laser desorption/ionization (MALDI)

Among the different MALDI-based MS techniques, MALDI-TOF has been for many years
the most widespread MS analysis approach. Though it is not the most rigorous approach to
protein identification, it still represents an economically convenient alternative to more
complex MS systems especially when proteomic analyses are carried out on plants species
whose complete genome/protein databases are complete or well annotated. In typical
MALDI- TOF analysis the first step is excision of 2-D gel plugs containing the selected
protein spot of interest or a low-complexity fraction resulting from sample purification. The
second step involves protein digestion (Shevchenko et al. 2007), with a site specific protease
(e.g., trypsin or CNBr). The resulting mixture of ionized peptides is then mixed with a
matrix solution of a-cyano-4- hydroxycinnamic acid (CHCA) whose function is to absorb
most of the energy coming from a UV laser fired at the sample. Lighter ions travel faster in
the TOF analyzer than heavier ions and thus the time taken to travel down the analyzer and
reach the detector varies according their mass-to-charge ratio to produce a mass spectrum.
Finally, the list of masses produced from the mass spectrum, is interrogated against a
protein database (e.g. SwissProt, NCBInr) using a software package (e.g. MASCOT) with
experimental mass accuracy of ca. 10 ppm. The peptide masses derived from the spectrum
are compared to proteins in the database that have been “in silico” digested to produce a list
of possible matches. This approach is referred to as peptide mass fingerprinting (PMF), it is
relatively straightforward to perform and the spectra are usually simple to interpret. A
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scoring mechanism is employed to assess the likelihood of a correct identification. Robust
protein identification requires the correct assignment of the molecular weights of at least
four or five peptides. In absence of exhaustive protein or genomic databases information,
large expressed sequence tag (EST) databases have been used for protein identification. An
example of a peptide mass fingerprint experiment is shown in figure 6.

— -

Fig. 6. MALDI-TOF MS spectrum of a Thlaspi protein (Visioli et al. 2010 a.).

The peaks marked with e represent trypsin autolysis peaks that were used to internally
calibrate the mass spectrum. The peaks marked with m represent peaks identified as
peptides produced by the trypsin digestion of a protein of interest and finally MS analysis of
the eluted proteins. PMF has been used for proteome analyses from model as well as crop
plants (Colas et al. 2010, Glinski & Weckwerth 2006, Hajduch et al. 2005, Mooney et al. 2004,
Oeljeklaus et al. 2008). For instance MALDI-TOF mass spectrometry has been used in the
characterization of the Arabidopsis thaliana proteome (Giavalisco et al. 2005). The authors
report the identification of 2,943 spots from 2-DE from 663 different gene products. This is a
small number considering there are more than 35,000 proteins coded by the Arabidopsis
genome. A survey of the proteomes of six tissues from the model legume Medicago truncatula
produced 2D-PAGE reference maps from which 551 proteins were identified (Watson et al.
2003). In this case, the overall successful identification rate was 55%, a figure that is
considered good in absence of a fully sequenced genome, although the figure depended on
the tissue in question. For example, identification was achieved for 43% of the proteins
extracted from root tissue, while the figure for leaves was 76%. The difference presumably
reflects the differences in the quality of the separations and the information in the databases
and availability of ESTs. An investigation of soybean seed filling successfully provided 679
2-DE protein spots at five sequential developmental stages (Hajduch et al. 2005). Analysis of
each of these protein spots by MALDI-TOF yielded the identity of 422 of these proteins,
representing 216 non-redundant proteins. In nuclei isolated from rice suspension cell culture
cell, from a total of 549 proteins resolved on 2-DE, 190 proteins were identified by MALDI-
TOF MS from 257 major protein spots (Khan & Komatsu 2004). In Populus nigra cultivated
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under cadmium stress a subset of 20 out of 126 spots were identified by MALDI-TOF MS.
Proteins that were more abundant in the metal exposed plants were located in the
chloroplast and in the mitochondrion, suggesting the importance of these organelles in
response and adaptation to metal stress (Visioli et al. 2010b). MALDI-TOF MS has been used
also for the identification of differentially expressed proteins of rice leaves in presence of
arsenic (Ahsan et al. 2010) and alteration of barley root proteome in response towards salt
stress conditions (Witzel et al. 2009). To reduce the influence of ion-suppression effects in
MALDI-TOF/MS measurements and obtain more peptide peaks, separation of the tryptic
peptides can be obtained using an off-line combination of capillary reverse-phase HPLC
column with MALDI-TOF. LC-MALDI techniques do not suffer from the time constrains
imposed by the transient presence of peptides eluting from a column and each sample can
be analyzed more than once. LC-MALDI has been used for instance for identification of
proteins involved in different plant signaling processes (Karlova et al. 2006). The beneficial
features of MALDI have led this ionization technique to be incorporated into tandem
instruments such as those with quadrupole ion trap/TOF, quadrupole TOF and TOF/TOF
geometries. The advantage of hyphenated MS over single MALDI-TOF fingerprinting is that
the precise sequence of amino acids in each peptide can be determined, allowing a more
reliable identification. Examples of application in plant proteome analysis of tandem
MALDI vary from characterization of Medicago truncatula cell wall proteome (Gokulakannan
& Niehaus 2010), to the analysis of the glycoproteome of tomato and barley (Catala et al.
2011). Identification of proteins involved in metabolic pathways affected by different
cropping regimes (Nawrocki et al. 2011), in Cadmium response in poplars (Kieffer et al.
2008) and in salt stress effect on sorghum leaves (Swami et al. 2011) were also carried out
taking advantage of hyphenated MALDI MS analysis. An emerging technique in plant
biology based on MALDI, and made possible because of advances in instrumentation, is
MALDI-imaging MS (MSI). This technique can be applied at both the tissue and single-cell
level providing information on spatial distribution of specific molecules (Kaspar et al.2011).
Whereas many plant metabolite profiles have been described so far, no comparable plant
protein analyses are available; the only application of this technique is the identification of a
precursor of a secreted peptide hormone identified in Arabidopsis (Kondo et al. 2006). To
summarize MALDI-TOF analysis is extremely fast with regard to data acquisition, requires
little expertise, is tolerant to contaminants such as salts and detergents, is easy to automate
and allows the analysis of large number of samples in a short period of time, the protein
identification relies purely upon the matching of the peptide masses accurately, and it can
be relatively inexpensive. Unfortunately the data can be ambiguous and rely heavily on
availability of a proteomic or genomic sequence or at least a substantial EST collection for
the species being studied. Cross-species PMF studies from four plant species (Mathesius et
al. 2002) for instance concluded that PMF data are not particularly useful for inter-species
protein identification except for the highly conserved proteins.

4.2 Electrospray ionization (ESI)

A different method for protein identification by mass spectrometry is peptide fragmentation
by means of electrospray ionization tandem mass spectrometry (ESI-MS/MS). The
technique provides structural information about the peptide which can be used for more
reliably protein identifications when analysed against protein databases (Grossmann et al.
2005). The first step of tandem MS involves sample digestion (e.g. with trypsin), the
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resulting peptides are loaded onto an HPLC coupled to an ESI mass spectrometer which
allows the analysis of ionized molecules in solution. During electrospray ionization peptides
enter the ion source as a fine mist of droplets via a needle which is surrounded by an
accompanying flow of nitrogen gas. A high voltage is applied to the needle through which
the solution arrives in the source causing the droplets produced to be charged on the surface.
This whole process results in the ions being released from the liquid droplet to produce gas
phase ions that are drawn into the first mass analyzer and separated according to their
mass-to-charge ratio. ESI is commonly used as ionization technique in tandem mass
spectrometry (MS/MS) which adds a second dimension to mass spectrometric selection
improving the specificity of the technique and allowing structural analysis of peptides.
Multiple stages of mass analysis separation can be accomplished by individual mass
analyzer elements separated in space by a fragmentation cell. Examples include TOF,
Fourier-transform ion Cyclotron Resonance (FTCIR), ion trap, quadrupole, orbitrap and
linear quadrupole ion trap. (Cotter et al. 2007, Douglas et al. 2005, Hardmané& Makarov
2003, Marshall et al. 1998). The first mass analyzer detects the whole spectrum of peptide
ions present in the sample (MS scan) then precursor ions of interest are fragmented by
collision, inside a collision cell, with inert gas molecules (e.g. argon or nitrogen) in a process
called collision-induced dissociation (CID) to produce a fragmentation spectrum of the
selected peptide. This process produces a series of fragments ions that can differ by single
amino acids, allowing a portion of the peptide sequence subsequently used in a bottom-up
approach for protein identification by database interrogation. Tandem mass spectrometry
has been used to analyze proteomes of Arabidopsis thaliana, Oryza sativa and Medicago
truncatula by taking advantage of their extensively sequenced and/or annotated genomes
and proteomes. For instance the most extensive plant proteomic analysis reported to date
was conducted with Arabidopsis thaliana and led to the identification of 13,029 proteins on
the basis of 86,456 unique peptides which represent approximately the 50% of the predicted
expressed genes (Baerenfaller et al. 2008). Due to the limited applicability of MALDI-TOF to
study the proteomes of organisms with un-sequenced genomes de novo sequence data
derived from peptide fragmentation has been particularly useful for proteome analysis of
non-model plants. De novo sequences can be searched against protein databases of relatives
of the organism under investigation using MS-BLAST on the basis of close protein identities.
De novo sequencing in plant proteomics has been employed for the analysis of barley
thylakoid membrane proteins (Granvogl et al. 2006), proteome analysis of opium poppy cell
cultures (Zulak et al. 2009), oak (Quercus ilex) (Jorge et al.2006) and banana (Liska &
Scevchenko 2003). The combination of LC-MS/MS analysis with new single and two-step
affinity purification methods of plant protein has triggered the interest for the isolation and
characterization of plant protein complexes (Pflieger et al.2011). Even if the results are far
from exhaustive and the structure-function relation of these protein assemblies are still
poorly understood, the identification and characterization of these plant complexes are
necessary to fully understand the cellular dynamics and homeostasis. Over the past decade
MS techniques have advanced and alternative non-gel approaches have developed to
address technical limitations inherent in 2D-PAGE/MS/MS. This “shotgun” approach,
referred to as multidimensional protein identification technology (MudPIT) (Link et al.
1999), consists of a two-dimensional chromatography separation, prior to electrospray mass
spectrometry followed by database searching. Shot gun proteomics refers to direct and
rapid analysis of the entire protein complement of whole organelles, cells and tissues
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starting from chemical or enzymatic digestion of proteins to generate a highly complex set
of peptides that is well beyond the separation capacity of 2D-PAGE. The theoretical peak
capacity of MudPIT system has been calculated to be ca. 23,000 proteins (Wolters et al. 2001)
making this system a powerful tool for proteomics. The rationale behind this method is that
since the properties of peptides are more approachable than proteins, standardized
protocols can be developed to face with proteome wide measurements by means of peptide
analysis only. Sample preparation is relatively straightforward, the proteins are denatured,
the cysteines reduced and alkylated and then the proteins are digested producing complex
mixture of peptides. Peptides are then separated prior to analysis by tandem MS. The first
dimension is normally a strong cation exchange (SCX) column with high loading capacity
and high- resolution separation capacity. Peptides are stepped from the cation exchanger in
a series of salt steps that increase in concentration onto the second dimension a reverse
phase chromatography (RP) column. A subsequent RP gradient separates the eluting
peptides relative to their hydrophobicity and delivers them, after each salt step, into a
tandem mass spectrometer for selection and fragmentation. In contrast to the traditional 2-
DE/MS/MS approach the shotgun method is largely unbiased providing a strategy for the
efficient detection of low-abundant and hydrophobic proteins. A typical qualitative shotgun
plant protein analysis in the range of 200 to 1,000 proteins for plants such as rice and
Arabidopsis thaliana is theoretically achievable (Froehlich et al. 2003). Application of this
“shotgun” approach has allowed the identification of more than 1,000 distinct proteins from
rice leaf and root samples (Breci & Haynes 2007) and 294 ubiquitines in Arabidopsis thaliana
(Maor et al. 2007). Shotgun protein analysis has led also to the identification of 44
differentially expressed proteins, out of a set of 3,004 non-redundant proteins previously
identified, in the rice reduced culm numberl mutant when compared to wild-type rice (Lee et
al. 2011).

5. Protein quantitation

Determination of relative abundances of proteins in organisms or tissues subjected to a
variety of environmental or physiological conditions is the final goal of any plant proteomic
study. Techniques such as difference gel electrophoresis (2D-DIGE) (Timms & Cramer 2008,)
which permit changes in protein abundance to be more readily assessed, has partially
overcome limitations caused by inter-gel variations. Another advantage of 2D-DIGE is that
it requires low amounts of protein (0.025 mg) as compared to the requirements of standard
2D-PAGE (ca. 0.2 to 1 mg) This technique involves covalent labelling of two different
protein samples with fluorescent cyanine dyes (for example, Cy2, Cy3 and/or Cy5 which
fluoresce at different wavelengths) prior to two-dimensional electrophoresis and produce
sub-nanogram sensitivity. The intensity of fluorescence at each of the wavelengths for Cy3
and Cy5 is measured and after employing gel matching software, intensity ratios are used to
evaluate relative abundance of proteins in the two different samples. A variety of plant
proteomic studies have used DIGE (Granlund et al. 2009, Schenkluhn et al. 2010) to
investigate abiotic stresses such as freezing, effect of UV on maize, aluminium stress in
tomato, the effects of abscissic acid (ABA) and beta-aminobutyric acid (BABA) on Malus
pumila. Generally, MS analysis of proteins by MALDI or LC-MS/MS is not quantitative
because of the different physical and chemical properties of the tryptic peptides:
difference in charge state, ionization competition, peptide length, non-homogeneous sample
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introduction, amino acid composition or post-translational modification and limitations in
sample handling all result in variations in ion intensity for the peptides even when they
belong to the same protein. As a consequence MS signals are notoriously variable,
unpredictable, and therefore a potential source of significant error in quantitative proteomic
studies. Despite these hurdles a number of comparative strategies have been adopted and
have been categorized as either stable-isotope-labelling or label free approaches. Protein
quantification by means of stable-isotope-labelling is based on the fact that when a peptide
is labelled with different isotopic mass tags (2H, 13C, 15N, 180) it differs from the unlabeled
peptide only in terms of its mass but exhibits the same chemical properties during
chromatography. In MS spectra obtained from peptide samples after their chromatographic
separation, the ratio of MS signal intensities or peak areas of differentially labelled species
extracted from the relative mass spectra between the labelled and unlabelled peptide
permits an accurate relative quantification of differences. Labelling can be introduced at
different steps during sample preparation. In metabolic labelling whole cell or organisms
are labelled in vivo through the growth medium. In chemical post extraction labelling the
isotopic modification is added to proteins or tryptic peptides through a chemical reaction.
The most common strategies for chemical labelling include isotope-coded affinity tag (ICAT)
and isobaric tag for relative and absolute quantitation (iTRAQ). In the ICAT method two
protein mixtures representing two cell states are treated with different reagents consisting of
a biotin affinity tag, heavy and light isotopologues and a cysteine-reactive group. To
minimize error both samples are then pooled, digested with a protease and subjected to
avidin affinity chromatography to isolate labelled biotinylated peptides in order to reduce
the sample complexity by about 10-fold. Subsequently LC-MS/MS analysis is performed to
determine the abundance ratio for each identified peptide. So far there have been few
reports using ICAT in plant proteomics (Dunkley et al. 2004, Majeran et al. 2005) due to the
fact that ICAT can only distinguish between protein samples containing cysteine, a rare
amino acid present only in a fraction of proteins or peptides. In plant proteomics studies
ICAT was employed to study organellar proteomes using fractionation of cellular organelles
in Arabidopsis thaliana and maize (Dunkley et al. 2004, Majeran et al. 2005). ICAT has also
been used in a recent study with proteins from solubilized mitochondria of Arabidopsis
thaliana in order to investigate protein complexes (Hartman et al. 2007). A similar method,
called Isotope Coded Protein Label (ICPL), based on labelling of more frequent amino acid
groups has been developed (Kellermann 2008) and it has been used for comparative
quantification of cell-wall proteins of Medicago truncatula plants interacting with nitrogen-
fixing bacteria Rhizobia (Hahner et.al 2007). The iTRAQ method (Applied Biosystems) is
based on isobaric tags, i.e. tags that have the same mass and are primarily designed for the
chemically labelling the N-terminus of peptides generated from protein digests that have
been isolated from cells in, for example, two different physiological conditions. The labelled
samples are combined, fractionated by nanoLC and analyzed by tandem mass spectrometry.
Database searching of peptide fragmentation data results in the identification of the labelled
peptides and hence of the corresponding proteins. Fragmentation of the tag attached to the
peptides generates a low molecular mass reporter ion that is unique to the tag used to label
each of the digests. The reporter ion intensities enable relative quantification of the peptides
in each digest and hence the proteins from which they originate. In quantitative plant
proteomics iTRAQ has been used to quantify 45 proteins from Arabidopsis thaliana cells
treated with bacterial pathogen Pseudomonas syringae (Kaffarnik et al. 2009). Labelling with
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iTRAQ has been also used for investigating the proteome of guard cells in Arabidopsis
thaliana mutants impaired in the Ga subunit of GPA1 in order to understand the signalling
role played by trimeric G-proteins in plants. (Zhao et al. 2010). This study has allowed the
identification of 18 proteins which are differentially expressed in the mutant. These proteins
included ATP synthase, enzyme of the Calvin Cycle and proteins involved in the stress
response. In a study of grape proteomes at different stages of ripeness identification of
between 1,000 and 1,400 proteins, 91 in the exocarp and 58 in the mesocarp were up-
regulated during fruit maturation (Lucker et al. 2009). iTRAQ has been also widely used to
study phosphoproteomics responses of elicitor treatment by comparing several time points
post-treatment (Nuhse et al. 2007), protein degradation in chloroplasts and developmentally
induced changes in chloroplasts proteomes in maize and Brassica. Unlike chemical labelling
which is typically applied after protein extraction, fractionation and digestion, metabolic
labelling takes place at the very first stage, i.e. at the level of protein biosynthesis. In this
quantification procedure, called stable isotope labelling by amino acid in culture (SILAC),
labelled essential amino acids (usually deuterated leucine) are added to amino acid deficient
culture media, and thus become incorporated into all proteins. In general, SILAC has the
advantage of a simpler analysis compared with metabolic labeling with 15N. Usually, a
single amino acid is used for SILAC. If the supplied amino acid is Lys or Arg, analysis of
peptides from a trypsin digest that cleaves after these two amino acids will result in
peptides containing only a single difference from the labeled amino acid. Therefore, the
mass difference between peptides in the MS scan will be known and consistent.
Experimental cell populations are treated in a specific way, such as cytokine stimulation,
with different isotopologues then protein populations are harvested and compared. Because
the label is embedded directly into the amino acid sequence of every protein, the extracts
can be pooled directly. Purified proteins or peptides will preserve the exact ratio of labelled
to unlabelled proteins as no more synthesis is taking place. Relative quantitation takes place
at the level of the peptide mass spectrum or peptide fragment mass spectrum exactly as in
any other stable isotope method by calculating the MS peak intensity, or area, ratio of the
light and heavy peptides. In some plants SILAC gives label incorporation of approximately
70% which is not satisfying for many global proteomics applications, this is because plants
are very versatile autotrophs and are able to generate all the 20 amino acids necessary for
protein synthesis. The other disadvantage of SILAC is that the labelled amino acids are
expensive when used in amounts needed for efficient labelling, so this method is likely to be
limited to plant cell cultures. The only organisms of the plant kingdom that have been
efficiently SILAC labelled are auxotrophic mutants of Chlamydomonas (Naumann et al. 2007)
and cultured cells of Arabidopsis (Grhuler et al. 2005). Nevertheless the ability of plants to
synthesize amino acids from inorganic salts provides an opportunity for a simpler labelling
strategy. The use of 15N-KNOs was first used successfully in potato plants where 98% of the
total protein was labelled with ’N. Arabidopsis thaliana plants can be also be successfully
labelled because it does not affect plant development (Ippel et al. 2004). In another study
hydroponic isotope labelling of entire plants was used for relative protein quantification of
seven-week-old Arabidopsis thaliana plants treated with oxidative stress (Bindschedler et al.
2008). Label-free quantification strategies are becoming increasingly popular to compare
samples (Schulze and Usadel 2010). The rationale behind these methods relies on the
comparison of peptide abundance as a measure for the corresponding protein between
multiple LC-MS/MS analyses (Proll et al. 2007). Ideally samples for label-free comparisons



Plant Protein Analysis 131

are run consecutively on the same LC-MS/MS setup to avoid variations due to the system
setup (column properties, temperatures) and thereby allow precise reproduction of
retention times. Label free approaches are inexpensive with high proteome coverage of
quantified proteins since every protein that is identified by one or more peptide spectra can
be quantified. There are currently two different label-free strategies which use either MS1
precursor ion (i.e. MS survey scan) data or MS2 tandem mass spectrometry data (i.e.
MS/MS) to estimate changes in relative abundance or proteins between samples. The MS1
based methods associate changes in relative protein abundance from direct measurement
and comparison of the mass spectrometric signal intensity of peptide precursor ion
belonging to a particular protein (Wiener et al. 2004). The rationale in this approach is that
the height or peak area with a given m/z is a measure of the number of ions of that
particular mass detected within a given time interval. This process of determining the peak
area is referred to as ion extraction and results in a so-called extracted ion chromatogram of
a given ion species. Such extracted ion chromatograms can be produced for each m/z across
all the LC-MS/MS runs within an experiment, and the resulting peak areas can then be
compared quantitatively provided that only the same ion species can be compared between
samples due to the differences in ionization efficiency among different peptide species. On
the other hand the MS2 based methods estimate differences in relative protein expression by
either accounting for the extent of protein sequence coverage or the number of tandem mass
spectra generated, a technique also known as spectral counting (Zybailov et al 2009). This
quantitation method does not require any protein labelling and uses a simple additive
procedure for quantitative evaluation and does not rely on chromatographic peak
integration or retention time alignment. The relative quantification through spectral
counting is achieved by comparing the number of MS/MS spectra for the same protein
between two or more MS/MS analyses. The absolute concentration of each protein within
the sample is derived from an exponentially modified abundance index (emPAI) which is
calculated from the number of observed spectra for each protein divided by the number of
possibly observable peptides, a fraction that has been described as a protein abundance
index (PAI) (Rappsilber et al. 2002). The emPAI index along with another similar index for
protein expression profiling (APEX) have been used to analyze differential protein
expression in root nodules of Medicago truncatula (Larrainzar et al. 2007) in response to
drought and to determine the abundance of stromal proteins in chloroplasts from
Arabidopsis thaliana (Zybailov et al. 2008). Analysis of sucrose-induced changes in the
phosphorylation levels of Arabidopsis plasma membrane proteins has been also carried out
by exploiting spectral counting (Niittyla et al. 2007).

6. Concluding remarks and future perspectives

Proteome analysis along with profiling tools such as transcriptomics and metabolomics
are becoming essential components of the emerging “systems biology” approach. It is
clear from most of the current literature (Ning et al. 2011) that all proteomics including
plant proteomics are changing in scale and focus, from their initial objective of identifying
as many individual proteins as possible in a given biological sample to the development
of high-throughput parallel and quantitative technologies for analyzing proteomes in a
dynamic context. Methods such as metabolic labelling using, for instance, CO; via
photosynthesis or inexpensive nitrogen salts in protein synthesis offer new ways to



132 Proteomic Applications in Biology

quantify plant proteomes and can even be exploited for labelling organisms that feed on
plant materials. Several proof-of-principle studies have demonstrated the linearity and/or
reproducibility of label-free quantification for the analysis of complex mixtures (Wang et
al. 2003). Comparative studies have also shown that results obtained with both methods
are generally in good accordance (Wienkoop et al. 2006), with spectral counting covering
a slightly higher dynamic range and measurements of ion abundance being more accurate
for the determination of protein ratios. With the development of modern high-precision
mass spectrometers, the label free quantification is becoming an appealing alternative as
mass accuracies increase and the reliability of mapping peptides across samples due to
more narrow mass-to-charge windows. However reproducibility of the retention times
over different LC-MS/MS runs remains crucial for precision in label-free quantification
using peptide ion intensities. In addition evaluation of proteomics data is facilitated if
experimental variations are minimized between experiments. In this context plants are
also well-suited experimental organisms for achieving lower statistical variability through
their clonal reproduction and their ability to grow in highly standardized and controlled
environments. Not surprisingly most quantitative plant proteomics studies performed so
far have utilized Arabidopsis thaliana as model organism. This plant has excellent features
for proteomics studies, including: its genome is fully sequenced, genetic mutants for
comparative experiments are available, it has a relatively short life cycle and can
conveniently be cultivated under laboratory conditions, making it readily amenable to
metabolic stable isotope labelling. With the completion of further plant sequencing
projects and the advent of high-throughput global proteome analysis via non-gel-based
shotgun, proteomics studies will become more and more appealing for an increasing
number of plant species. Moreover, the combination of new intriguing methods in
quantitative MS with biochemical, biological and genetic approaches are adding new
dimensions to the characterization of cellular processes resulting in improved knowledge
of (plant) biological systems. This is exemplified by the combinatorial use of advanced
protein quantification strategies and elaborate phosphopeptides enrichment techniques
(e.g. LC-FTCIR-MS), which have promoted phosphoproteomics as a tool with
extraordinary potential for spatio-temporal analysis of entire signalling pathways in
plants. The main current bottleneck in plant proteomic studies is still the wide dynamic
range of proteins. Global abundance measurements in Saccharomyces cerevisize have
revealed a bell-shaped distribution of proteins spanning approximately six orders of
magnitude in abundance (Ghaemmaghami et al. 2003), while only approximately three or
four orders of magnitude can be covered by modern LC-MS/MS methods for complex
samples. Proteins identified represent only a small fraction of the complete proteome or
sub-proteome of plants and organelles. For this reason proteome fractionation and
intelligent strategies of enrichment of protein targets have to be developed. For example
the estimated total number of genes in the rice genome lies in the range of 32,000 to 50,000
for Oryza japonica, whereas the comprehensive display analysis of rice leaf, root and seed
tissue using 2-DE followed by tandem MS and MudPIT have led to the identification of
51% to 7.9% of the expected number of protein. These data clearly demonstrate that
further developments are needed to increase the resolving power of this method to allow
the detection of the low abundance proteins present in the “extractome”. On the technical
side improvements in pre-electrophoretic fractionation and in mass spectrometry scan
speed will likely contribute to deeper proteome coverage in the future. For example an
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atmospheric MALDI (APMALDI) has been developed (Doroshenko et al. 2002) which is
relatively simple to interface to mass analyzers. Surface enhanced desorption ionization
(SELDI) has been shown to be very powerful for selective ionization of peptides and
protein fractions, although it has not applied to plant systems so far (Poon 2007). Another
challenge in the large-scale, quantitative plant proteomics experiments lies in the
application of new data-mining strategies. Irrespective of the applied methods for protein
identification, advanced bioinformatics and statistical tools for data evaluation are
essential to extract biologically meaningful data from the plethora of qualitative and
quantitative information obtained in global-scale experiments. Recently a single,
centralized, authoritative resource for protein sequences and functional informatics,
UniProt has been created by joining the information contained in the SwissProt,
Translation of the EMBL nucleotide sequence (TrEMBL) and the protein Information
Resource-Protein Sequence Database (PIR-PSD) (Schneider et al. 2004). To conclude,
qualitative and quantitative plant proteomics, especially MS-based proteomics, will be
applied to more and more non-model plant species for comprehensive and in-depth
characterization of plant-environment interactions and plant growth and differentiation to
provide more reliable basis to the emerging phenomena of phenotypic plasticity and
epigenetic variation.
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1. Introduction

The proteome of a tissue is a snapshot of the entire set of proteins expressed by that tissue at
a given developmental stage. This set of proteins can be considered as an integrated and
complex response of the tissue to a set of environmental and growth conditions. Thus, the
analysis of a proteome would provide valuable clues of the physiological status of a tissue
(or a cell) at a given time. Proteomics, an expanding scientific field, represents a promising
tool to investigate such proteomes in a high-throughput manner. Although proteomics
proved to be helpful in elucidating difficult cellular processes, its use in plant cell wall
polysaccharides biosynthesis in non-model plants remains challenging. In this chapter, we
evaluated the capabilities of two proteomics strategies in identifying specifically three
Golgi-resident glycosyltransferases (GTs), TaGT43-4, TaGT47-13, and TaGT75-4, involved in
glucurono(arabino)xylan (GAX) biosynthesis in wheat, an economically important non-
model crop plant (Zeng et al.,, 2008, 2010). GAX polymer is the second most abundant
polymer in the biomass from grass plants and there is an urgent need to elucidate its
biosynthetic pathways to allow engineering of plant biomass for biofuel and other human
needs (Faik, 2010).

1.1 Proteomics in plant cell wall polysaccharides biosynthesis

In the model plant Arabidopsis (Arabidopsis thaliana) about 10% of the genome (~2,500
genes) is dedicated to cell wall metabolism and function (Carpita 2011). Among these genes
17% are putative GTs identified through a homology search, and only a dozen have
characterized biochemical functions. The sequences of these enzymes are available through
the Carbohydrate Active enZyme database (CAZy) that classified them into GT families on
the basis of protein sequence similarity (Coutinho 2003). It is anticipated that more GTs (yet
to be identified) are needed to synthesize all polysaccharides currently found in plant cell
walls. Most of the GTs are predicated to be integral membrane proteins, however recent
works indicate that some GTs have a cleavable signal peptide and are closely associated
with other integral membranes as a complex to secure their proper subcellular localization
(Zeng et al., 2010). GAX polymer, like all hemicelluloses with the exception of callose, is
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synthesized in the Golgi by a multi-protein complex called xylan synthase complex (XSC).
Golgi apparatus is a multifunctional organelle used by a plant cell not only to synthesize
plant cell wall polymers, but also to process and modify glycoproteins and sorting their
destination. Thus, the proteins that populate the membranes of the Golgi are very complex
in nature and content (Simon et al., 2008). The challenges in studying the Golgi-resident GTs
involved in plant cell wall biosynthesis comes from the fact that they are difficult to purify
in an active state and are usually considered low abundant proteins. This may explain why
there are very limited reports on purification of these GTs (Perrin et al., 1999; Faik et al.,
2002; Zeng et al., 2010). Instead, researchers put more efforts in developing strategies to
isolate membrane preparations relatively enriched in endo-membranes or organelles
(plasma membranes, endoplasmic reticulum, Golgi) along with enriched GT activities.
However, these GT activities are still contaminated with other unrelated proteins. Hence,
optimization of high-throughput MS methods for protein identification on these partially
purified GT activities is currently lacking.

1.2 Proteomics in non-model plants

Economically important non-model crop plants such as wheat are currently lacking publicly
available genomic/protein sequence information. Applying proteomics methods to these
species is challenging and requires cross-species identification. Fortunately, genomes and
their protein-encoding gene sequences are currently available for several plant
species including Arabidopsis thaliana, Oryza sativa, Populus trichocarpa, Sorghum bicolor,
Brachypodium distachyon, Vitis vinifera, Zea mays, Medicago, and Glycine max (Figure 1).
These nucleotide sequences as well as the predicted amino acid sequences are
available through the Phytozome website (http://www.phytozome.net/) or NCBI
(http:/ /www.ncbinlm.nih.gov/genomes/PLANTS/PlantList.html), both of which are
considerably larger than the total protein entries available through the Uniprot database
which only contains a total of 53,1192 protein entries from different plant species.

The key factor to consider in the cross-species identification is gene annotation in databanks.
For example, Uniprot database has only ~29,500 protein entries that are reviewed
(annotated). In the case of Arabidopsis for which the genome sequence was completed and
published more than a decade ago (Arabidopsis Genome Initiative, 2000), ~10% of proteins
are still not annotated and ~30% are listed with unknown biochemical function.
Nevertheless, with all the wealth in genomics resources, the identification of a protein from
a non-model plant is now possible through BLAST search using MS/MS spectra and de novo
sequencing. Even if a homologous protein is not listed in protein databases, a similarity at
nucleotide sequence level (~35%) would be sufficient for a reliable identification of a
homolog to the peptide sequence by cross-comparison to translated available plant genes
(tBLASTN).

2. Advantages and disadvantages of proteomics strategies

Proteomics methods for high-throughput identification of proteins involve three main steps:
the first step is the proteolytic (mostly trypsin) digestion of the protein samples. This
digestion step would need optimization as incomplete digestion may result in a loss of
protein information. The second step consists of three processes: (i) fractionation of the
resulting peptides by liquid chromatography (LC), (ii) ionization of the separated peptides
(fractions) through a source such as Matrix-Assisted LASER Desorption/lonization
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Predicted

Protein-coding | Genome

genes size (Mb)
Mimulus guttatus (Monkey lower) 26,718 =430
Solanum lycopersicum (Tomato) 26,877 =737
Solanum tuberasum (Potalo) 39,000 =840
pr— itis vinifera (Grape) 26,346 ~500
Arabldopsis thallana 27,416 ~120
Carica papaya (Papaya) 28629 iz
Theobroma cacao (Chocolate) 38,737 430
Citrus clementina (Clementineg) 25,385 206
Eucalyptus grandis (Rose Gum) 44,974 ~691
Populus trichocarpa (Poplar) 41,377 =~370
Ricinus communis (Castor bean) 31,237 ~320
Manihot esculenta (Cassava) 47,164 416
Glyeine max (Soybean) 46,430 950
Medicago truncatula (Medicago) >13,908 240
Malus x domestica (Apple) 57,386 =742
Fragaria vesca (Strawberry) 34,809 =240
Prunus persica (Peach) 27,852 27
Cueumis sativus (Cucumber) 26,682 =244
Aquilegia sp. (Columbine) 25,784 302
Oryza sativa (Rice) 40,577 =370
Brachypodium distachyon 25,532 72
Zea mays (Maize) »32,000 2,300
Sorghum bicolor (Sorghum) 34,496 =700
Setaria italica (Foxtall millet) 35,471 ~515

mmmem Genome completed and published
s Genome available but unpublished
— Genome incomplete or not fully assembled

Fig. 1. Predicted number of protein-coding genes and sizes of plant genomes currently
available in public databases. Red lines indicate genome sequencing completed and
published; purple lines indicate unpublished genomes but publicly available; and black
lines indicate plants with incomplete genomes or not fully assembled (less available).
Species names are indicated along with the size of their genomes. These sequences are
available through Phytozome and/or NCBI websites. Adapted from

(http:/ /synteny.cnr.berkeley.edu/wiki/index.php/Sequenced_plant_genomes)

(MALDI) or ElectroSpray lonization (ESI), (iii) mass spectrometry (MS) analysis of the
ionized peptides (received from the source) by tandem mass spectrometry (MS/MS), also
called collision-induced dissociation (CID). This step generally delivers large information-
rich files of MS/MS spectra (Bodnar et al., 2003). The third and critical step concerns the use
of these MS/MS spectra in the identification of the exact proteins or at least their closest
homologous proteins from the databases. Depending of the complexity of the samples,
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separation of the proteins prior to digestion can increase the chances of identifying these
target proteins even in complex samples. Gel-based methods such as SDS-PAGE and 2-
dimensional (2-D)-PAGE are widely used to separate the proteins of a sample and thus
reduce its complexity. Although tremendous progress in LC and MS techniques has been
made in the recent years, the application of these methods is still challenging in many
complex biological processes such as plant cell wall biosynthesis (see section 1.1). There are
two general proteomic strategies: gel-free and gel-based strategies.

2.1 Gel-free proteomics strategy

Direct analysis of protein composition of any biological sample (without prior separation by
electrophoresis) can be achieved by a non-gel shotgun approach called MudPIT
(multidimensional protein identification technology) (Washburn et al., 2001; McDonald et al.,
2002). The method consists of a 2-D liquid chromatography (LC/LC) separation of the
peptides (as opposed to the 2-D-PAGE of the proteins) before MS/MS analysis. The first
dimension separates the peptides on the basis of their charges using a strong cation
exchange (SCX) column. In the second dimension the peptides eluted from SCX column are
fractionated further according to their hydrophobicity by reverse phase chromatography.
Depending of the mass spectrometer used, the MudPIT strategy may have some limitations
in identifying low abundant proteins. For example, there is a loading limit of protein sample
onto the SCX column and it saturates easily, which can significantly impact the
identification of low abundant proteins (i.e., GTs) in complex samples. Also, complex
samples would require optimization of running time (retention time) for optimal protein
identification (Chen et al., 2005). Lastly, although MudPIT has been successfully used to
identify more than a 1000 proteins from a complex biological sample (Washburn et al.,
2001), the dynamic range between the most abundant and least abundant proteins/peptides
(10,000 to 1) can still limit the identification of very low abundant proteins (Wolters et al.,
2001). The other key factor to consider when using gel-free proteomics methods is the
precipitation step, which is used to not only concentrate the proteins, but also to remove
small soluble compounds (including detergents) that are easily ionized and would mask low
abundant peptide ions (Newton et al., 2004). Thus, optimizing this step is critical and may
also result in a loss of some proteins from the sample. Ethanol, chloroform/methanol, cold
acetone, trichloroacetic acid (TCA), or TCA/acetone are all MS-compatible reagents that can
be used in proteins precipitation (Ferro et al., 2003). However, because an individual protein
has specific physicochemical characteristics, any precipitation method has its own
advantages and disadvantages. For example, although ethanol and TCA will precipitate
around 90% of proteins, several proteins can be eliminated, reduced, or enriched in the
precipitated samples (Zellner et al., 2005; Chen et al., 2010). Furthermore, ethanol is also
known to precipitate salts along with the proteins, which may require dialysis of the
samples before any further analysis. In our previous work, cold acetone was found to
precipitate sucrose along with the proteins when sucrose amounts is >25% w/w in a
fraction (Zeng et al., 2010). The increase in sucrose content in the sample decreased peptide
ionization and produced low quality MS/MS spectra.

2.2 Gel-based proteomics strategy
The most direct and easy way to separate proteins in a complex sample is using a 1-D SDS-
PAGE method (Laemmli, 1970). The main advantage of 1-D SDS-PAGE over the 2-D-PAGE
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method is that virtually all proteins can be solubilized and separated on the gel (up to 10-15ug
per sample). Loading larger amounts of protein on 1-D SDS-PAGE can be detrimental, as
abundant proteins can spread over a large area of the gel and may mask low abundant
proteins (Zhu et al., 2010). This can be problematic when working with proteins from
photosynthesizing organs rich in ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)
protein, an abundant and difficult protein to eliminate (Komatsu et al., 1999). Regarding 2-D-
PAGE, it is known that protein solubility is the Achilles” heel of this technique, as it does result
in the loss of low abundant proteins, proteins with extreme pl, and hydrophobic proteins
(integral membrane proteins) (O’Farrell, 1975; Santoni et al., 2000; Ephritikhine et al., 2004). In
relation to this approach, Golgi proteins are also known to easily aggregate during sample
preparation/ precipitation and do not run well on 2-D-PAGE gels (Asakura et al., 2006).

Once 1-D SDS-PAGE separation is completed, the gels are usually cut into small equal slices
or individual visible bands are excised. These slices/bands are subjected to trypsin
digestion, and released peptides further fractionated by LC, and their structures analyzed
by MS/MS (see next section).

2.3 Protein identification methods (MS/MS spectra processing)

Despite the availability of a large repository of protein-coding gene sequences from many

plant species that can be used as databases for proteomic studies (Figure 1), the most

daunting task in proteomics is still the identification of proteins with high sensitivity and
accuracy from these databases using MS/MS spectra (Nesvizhskii et al., 2007; Patterson

2003; Service 2008). The processing of these MS/MS spectra for protein identification can be

performed via two main strategies:

i. Database-dependent strategy in which the experimental masses of peptide ions (parent
and its fragmentation product ions) from MS/MS spectra are compared to the
theoretical peptide masses derived from in silico digestion of proteins in a database.
This search would result in the identification of peptide hits. These hits are scored and
ranked from best to worse matches, and any proteins assembling two or several hits are
considered candidates. In the case of non-model plants, protein identification can be
challenging since either the exact protein may not exist in the database or the database
may not contain an evolutionary similar protein. This underscores the need for
continuous effort to sequence the genomes of as many plants as possible to allow
success of proteomics projects in non-model plants. Many bioinformatics algorithms
such as SEQUEST, Mascot, X!Tandem, OMSSA, and Phenyx have been developed for
database-dependent search using MS/MS spectra (for details about these algorithms I
refer the readers to the following link: http://www.proteomesoftware.com/
Proteome_software_link_software.html).

ii. Database-independent strategy consists of converting the fragmentation MS/MS
spectra to possible de novo amino acid sequences. Several bioinformatics algorithms
such as PepNovo, NovoHMM, Mascot, and PEAKS were designed for the heavy
computation needed for the extraction of amino acid sequence information and can
make MS/MS spectrum interpretable. These de novo peptide sequences are then used in
BLAST searches of non-redundant protein database (i.e, NCBI, Swissprot). For non-
model plants this combination (de novo and BLAST search) was proved to improve
protein identification in terms of accuracy and rate increase (Shevchenko et al., 2001).
Mascot program is a powerful search engine that can use the data from MS/MS spectra
in different combinations. For example, this program can perform a search in three
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modes: (1) peptide mass fingerprint mode using peptide mass values determined
experimentally from MS/MS spectra; (b) sequence query mode using the combination
of peptide mass data, amino acid sequence, and amino acid composition (called also
sequence tag). In this situation, Mascot program extracts three or four amino acid
residues of sequence data from a series of m/z ion peaks and build on them during the
BLAST search. This search mode supports both standard and error tolerant sequence
tags, and allows arbitrary combinations of fragment ion mass values, amino acid
sequence data and amino acid composition data to be searched; and (c) the program can
also use directly the raw MS/MS spectra to search a database. Because Mascot program
is able to combine different types of searching modes in a single identification search,
we decided to use this program for this work.

3. Application of proteomics strategies to the identification of GAX
synthesizing GTs

In our previous work we demonstrated that GAX synthase is a multi-enzyme complex
(XSC) formed of at least two known GTs (TaGT43-4 and TaGT47-13) and a mutase (TaGT75-
4 called also reversibly glycosylated polypeptide, RGP) (Zeng et al., 2010). According to
native gel electrophoresis data, this XSC has an apparent MW of ~250 kDa. In this chapter,
two proteomics strategies (MudPIT and Gel-LC-MS/MS) were evaluated for efficient
identification of these three proteins in membrane fractions enriched in wheat GAX
synthase activity (partially purified activity). The goal is to develop a proteomics workflow
for optimal identification of candidate proteins involved in plant cell wall biosynthesis in
organisms with no available genome sequence information.

3.1 Experimental procedures

3.1.1 Preparation of membrane fractions enriched in GAX synthase complex

GAX synthase activity is routinely monitored as the amount of [1*C]glucuronic acid (GlcA)
transferred from UDP-[C]GIcA into ethanol-insoluble GAX polymer in the presence or
absence of UDP-xylose (UDP-Xyl) (Zeng et al., 2008, 2010). It has been shown that the rice
Golgi complex has distinct compartments that could be separated by density gradient
centrifugation in presence of EDTA or MgCl, (Mikami et al., 2001). Thus, we fractionated
Golgi-enriched membranes prepared from etiolated wheat seedlings on a continuous 25%-
40% (w/v) sucrose density gradient supplemented with ImM EDTA and used our enzyme
assay to monitor GAX synthase activity distribution (Figure 2). According to the specific
activity and protein content in fraction #3 (as measured via spectrophotometer), we have
achieved ~11 fold purification with a 59% yield (Table 1). However, according to SDS-PAGE
analysis of this fraction, only limited number of protein bands is visible on the gel (Figure 3),
rather suggesting a higher purification was achieved. Together these results indicate that
fraction #3 is a good starting material for proteomics analyses for our study.

3.1.2 Nanospray tandem mass spectrometry procedures

All proteomics analyses were carried out at the Mass spectrometry and Proteomics Facility
(http:/ /www.ccic.ohio-state.edu/MS/) at Campus Chemical Instrument Center (CCIC) of The
Ohio State University (Columbus, OH). Liquid chromatography-nanospray tandem mass
spectrometry (nano-LC/MS/MS) of global protein identification was performed on an LTQ
XL or an LTQ Orbitrap XL (Thermo Scientific) mass spectrometers using different protocols:
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Fig. 2. Distribution of GAX synthase activity after fractionation of wheat Golgi-enriched
microsomal membranes on a linear (25%-40%) sucrose density gradient. Microsomal
membranes were prepared from 6-day old etiolated wheat seedlings. Fractions of 1ml were
collected and each fraction was tested for GAX synthase activity ([1*C]GIcA incorporation in
presence of UDP-xylose, as cpm/reaction) and for sucrose density (g/ml).

Fraction Volume (ml) |Total Total Specific Fold Yield
Protein Activity  |Activity Purification |(%)
(mg) (pmol/h) |(pmol/h/mg)

Golgi-enriched 12 60 ~3060 51 1 100

membranes

Fraction #3 (after 1 0.3 ~1833 ~550 ~11 ~59

sucrose gradient)

Table 1. Partial purification of wheat GAX synthase activity from Golgi-enriched
microsomal membranes. The activity was measured as [1*C]GlcA incorporation from UDP-
[4C]GIcA (900cpm/pmol) into ethanol-insoluble materials and expressed as pmol GlcA
incorporation per hour per milligram of protein (pmol/h/mg). Protein content was
estimated using Bradford reagent.

3.1.2.1 Nano-LC/MS/MS on LTQ XL

Nano-liquid chromatography tandem mass spectrometry (Nano-LC/MS/MS) was
performed on a Thermo Scientific LTQ XL mass spectrometer (Linear Quadrupole Ion Trap
MSn) equipped with a nanospray source operated in positive ion mode. The LC system was
an UltiMate™ 3000 system from Dionex (Sunnyvale, CA). The solvent A was water
containing 50 mM acetic acid and the solvent B was acetonitrile. 5 pL of each sample was
first injected on to the p-Precolumn Cartridge (Dionex, Sunnyvale, CA), and washed with 50
mM acetic acid. The injector port was switched to inject and the peptides were eluted off of
the trap onto the column. A 5 cm 75 pm ID ProteoPep II C18 column (New Objective, Inc.
Woburn, MA) packed directly in the nanospray tip was used for chromatographic
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separations. Peptides were eluted directly off the column into the LTQ system using a
gradient of 2-80%B over 45 min, with a flow rate of 300 nL/min. The total run time was 65
min. The MS/MS was acquired according to standard conditions established in the lab.
Briefly, a nanospray source operated with a spray voltage of 3 KV and a capillary
temperature of 200°C is used. The scan sequence of the mass spectrometer was based on the
TopTen™ method; the analysis was programmed for a full scan recorded between 350 and
2000 Da, and a MS/MS scan to generate product ion spectra to determine amino acid
sequence in consecutive instrument scans of the ten most abundant peaks in the spectrum.
The CID fragmentation energy was set to 35%. Dynamic exclusion was enabled with a
repeat count of 2 within 10 seconds, a mass list size of 200, an exclusion duration 350
seconds, the low mass width was 0.5 and the high mass width was 1.5 Da.

3.1.2.2 Capillary-LC/MS/MS on LTQ Orbitrap XL

Capillary-liquid chromatography-nanospray tandem mass spectrometry (Capillary-
LC/MS/MS) of global protein identification was performed on a Thermo Scientific LTQ
Orbitrap XL mass spectrometer equipped with a microspray source (Michrom Bioresources
Inc, Auburn, CA) operated in positive ion mode. Samples were separated on a capillary
column (0.2 X 150mm Magic C18AQ 3p 200A, Michrom Bioresources Inc, Auburn, CA)
using an UltiMate™ 3000 HPLC system from LC-Packings A Dionex Co (Sunnyvale, CA).
Each sample was injected into the p-Precolumn Cartridge (Dionex, Sunnyvale, CA) and
desalted with 50 mM acetic acid for 10 min. The injector port was then switched to inject and
the peptides were eluted from the trap onto the column. Mobile phase A was 0.1% formic
acid in water, and 0.1% formic acid in acetonitrile was used as mobile phase B. Flow rate
was set at 2 pL/min. Typically, mobile phase B was increased from 2% to 50% in 90-250 min,
depending on the complexity of the sample, to separate the peptides. Mobile B was then
increased from 50% to 90% in 5 min and then kept at 90% for another 5 min before being
brought back quickly to 2% in 1 min. The column was equilibrated at 2% of mobile phase B
(or 98% A) for 30 min before the next sample injection. MS/MS data was acquired with a
spray voltage of 2 KV and a capillary temperature of 175°C is used. The scan sequence of the
mass spectrometer was based on the data dependant TopTen™ method: the analysis was
programmed for a full scan recorded between 300 - 2000 Da and a MS/MS scan to generate
product ion spectra to determine amino acid sequence in consecutive scans of the ten most
abundant peaks in the spectrum. The resolution of full scan was set at 30,000 to achieve high
mass accuracy MS determination. The CID fragmentation energy was set to 35%. Dynamic
exclusion is enabled with a repeat count of 30 seconds, exclusion duration of 350 seconds
and a low mass width of 0.5 and high mass width of 1.5 Da. Multiple MS/MS detection of
the same peptide was excluded after detecting it three times.

3.1.2.3 MS/MS data processing

Sequence information from the MS/MS spectra was processed by converting the raw data files
into a merged file (.mgf) using an in-house program, RAW2MZXML_n_MGEF _batch (merge.pl,
a Perl script). The resulting mgf files were searched using Mascot Daemon by Matrix Science
version 2.2.1 (Boston, MA) and the database searched against the full SwissProt database
version 54.1 (283,454 sequences; 104,030,551 residues) or NCBI database. The mass accuracy of
the precursor ions were set to 2.0 Da given that the data was acquired on an ion trap mass
(LTQ) analyzer and the fragment mass accuracy was set to 0.5 Da (for analysis by high
resolution Orbitrap, the mass accuracy of the precursor ions were set to 0.1 Da). Considered
modifications (variable) were methionine oxidation and carbamidomethyl cysteine. Two
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missed cleavages for the enzyme were permitted. Peptides with a score less than 40 were
filtered. Protein identifications were checked manually and proteins with a Mascot score of 50
or higher with a minimum of two unique peptides from one protein having a -b or -y ion
sequence tag of five residues or better were accepted. Mascot also provides a “histogram of the
MOWSE score distribution” for hits and a value of significance threshold (represented by a
green region). A score is defined as -10*LOGio(P), where P is the absolute probability that the
observed match is a random event. Therefore, significant matches would give scores that are
higher than the significance threshold (outside of the green region). It is important to know
that significance threshold values and scores of the hits are greatly affected by an increase in
mass tolerance values in a MS/MS fingerprint search.

3.1.2.4 Gel-LC-MS/MS analysis

One-D SDS-PAGE was carried out according to (Laemmli, 1970). Separation gels were 10%
or 12% acrylamide (150V until the loading dye reached the bottom) and molecular weight
markers (Precision Plus Protein™, kaleidoscope, Bio-Rad) were used. Proteins were
visualized by coomassie blue or silver staining. Briefly, the protein sample (50-60pg) was
solubilized in 20 uL Invitrosol (Invitrogen) plus 1 uL of 10% amidosulphobetaine 14 (ASB-
14) detergent, 2 uL of 10X SDS-PAGE loading dye, and heated at 90°C for 7 min before
fractionation on 1-D SDS-PAGE acrylamide gel). The gel was rinsed with water for 10 min to
remove excess SDS detergent, before staining with coomassie blue for 1 h and distained
overnight. Figure 3 shows a typical silver-stained 1-D SDS-PAGE gel of fraction #3.
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Fig. 3. SDS-PAGE (10%) and silver staining analysis of fraction #3 obtained from Figure 2.
The arrows on the left indicate the position of the visible bands that were manually excised
and digested with trypsin before ESI-LC-MS/MS-TRAP analysis. The area indicated on the
right of the same gel corresponds to the area excised into 20-40 equal slices that were
subjected to “In-gel” trypsin digestion followed by ESI-LC-MS/MS-TRAP analysis. Protein
identification was carried out using Mascot program to search green plant databases at
NCBI. For comparison, the original Golgi-enriched membranes were analyzed. Molecular
mass markers (MW) are indicated on the right.
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3.1.2.5 In gel digestion

The gels were excised in two ways (see Figure 3): (i) only the most visible protein bands in
the gel were manually excised and individually digested with trypsin, or (ii) the gel area
from 30 to 180 kDa was excised into 20 to 40 equal small slices and each slice was
individually digested with trypsin. The resulting peptides were then analyzed by LC-
MS/MS as described above.

For manual excision of visible bands, gels were digested with sequencing grade trypsin
from Promega (Madison, WI) using the Multiscreen Solvinert Filter Plates from Millipore
(Bedford, MA). Briefly, bands were trimmed as close as possible to minimize background
polyacrylamide material. Gel pieces were then washed twice in nanopure water for 5 min
each before destaining with 1:1 v/v methanol:50 mM ammonium bicarbonate for 10 min
twice. The gel pieces were dehydrated with 1:1 (v/v) acetonitrile:50 mM ammonium
bicarbonate, and then rehydrated by incubation with dithiothreitol (DTT) solution (25 mM
in 100 mM ammonium bicarbonate) for 30 min prior to incubation in iodoacetamide
solution (55 mM in 100 mM ammonium bicarbonate) for 30 min in dark. The gel bands were
washed again with two cycles of water and dehydrated with 1:1 (v/v) acetonitrile:50 mM
ammonium bicarobonate. Protease digestion was carried out by rehydrating gel pieces in 12
ng/mL trypsin in 0.01% ProteaseMAX Surfactant for 5 min. The gel pieces are then overlaid
with 40 mL of 0.01% ProteaseMAX surfactant:50 mM ammonium bicarbonate and gently
mixed on a shaker for 1 h. The digestion is stopped with addition of 0.5% TFA. The MS
analysis is immediately performed to ensure high quality tryptic peptides with minimal
non-specific cleavage or frozen at -80°C until samples can be analyzed.

For gel excision into 20-40 equal slices, robotic digestion was carried out using the Ettan
Spot Handling Workstation (Amersham Biosciences). The slices were placed in a 96 well
plate that was robotically washed, and slices digested according to the Ettan Spot Handling
Workstation 2.1 User Manual. Briefly, gel slices were washed in 100 pL of 50% methanol/5%
acetic acid for 30 min. This washing step was repeated 3 times and slices placed in a storage
solution of 50 pL of 50% methanol/5% acetic acid until digestion. Gel slices were digested
with sequencing grade trypsin from Promega (Madison, WI). Digestion was carried out by
adding 100 pL water for 10 min followed by 100 pL acetonitrile for 10 min. The water and
acetonitrile were removed and the gel slices were rehydrated and incubated with DTT
(prepared as 32 mM in 100 mM ammonium bicarbonate) for 30 min prior incubation in
iodoacetiamide solution (prepared as 80 mM in 100 mM ammonium bicarbonate solution) in
dark for 30 min. The gel slices were washed again with cycles of acetonitrile and 100 mM
ammonium bicarbonate in 10 and 5 min increments. The slices were dried for 10 min and
then incubated in 25 uL of 50 mM ammonium bicarbonate containing trypsin (5 pg/mL) for
180 min. The peptides were extracted from the polyacrylamide with 50 pL 50% acetonitrile
and 5% formic acid (3 times) and the extracts pooled together. The extracted pools were
mixed with 50 pL of acetonitrile and incubated for 15 min before drying for 15 min. The MS
analysis is immediately performed to ensure high quality tryptic peptides with minimal
non-specific cleavage or frozen at -80°C until samples can be analyzed.

3.1.2.6 MudPIT analysis

The first MudPIT analysis on fraction #3 was carried out on a freeze-dried sample that was
re-suspended in 5X Invitrosol protein solubilizer (Invitrogen) and diluted to the final 1X
Invitrisol by adding 25mM ammonium bicarbonate solution. Ten microliter (10uL) of DTT (5
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mg/mL solution prepared in 100mM ammonium bicarbonate) was added to the sample and
incubated for 15 min. Ten microliter (10uL) of Iodoacetimide solution (15 mg/mL in 100 mM
ammonium bicarobonate) was added to the sample and incubated for another 15 min in the
dark. However, we noticed that this freeze-dried sample contained higher concentrations of
sucrose and salts, which contributed to the production of low quality MS/MS
spectra. Therefore, removal of sucrose and salts by precipitation was necessary before
trypsin digestion. Two precipitation methods were evaluated: TCA/acetone or
chloroform/methanol. These two methods are known to be effective in desalting and lipid
removal from protein samples. In our case, TCA/acetone combination gave a better result in
removing sucrose and salts from our protein sample (fraction #3), as the quality of MS/MS
spectra was improved and scores were higher than the significance threshold (see section
2.3). Trypsin was prepared in 50 mM ammonium bicarobonate and added to the protein
solution in trypsin:protein ratio of 1:25 (w/v) and the mixture was incubated for 60 min at
37°C (no difference was observed when incubation time was extended up to 16 h).

3.2 Results

3.2.1 Protein composition analysis of fraction #3 via MudPIT strategy

In our first MudPIT trial, the analysis was carried out on the LTQ XL (ion trap) instrument
using MS/MS ion search mode with carbamidomethylation of cysteine residue as fixed
modification and methionine oxidation as variable modification. Peptide mass tolerance was
set to £ 2 Da, fragment mass tolerance was set to + 0.8 Da and protein mass was unrestricted.
Under these conditions, LTQ analysis of fraction #3 produced a total of 13,504 peptide
queries that were used to search the green plant databases at NCBI (6,350,093 sequences).
The search yielded 74 peptide matches above significance threshold (set to: Individual ions
scores >59 and p<0.05) that were matched by only 501 peptide sequences (~4% of the 13,504
peptide queries). The decoy value was 41 corresponding to a false discovery rate of 11.33%.
Most of the identified hits were protein entries with similar annotation (redundancy) but
from different related species (orthologous proteins). Therefore, for simplicity, entries
having similar annotation were eliminated, which reduced the number of total protein
identified to 25 proteins (Table 2). The low protein identification rate could be due to the
inhibition of peptide ionization from low abundant proteins by more abundant proteins.
The other possibility could be the interference of some small molecules (i.e., sucrose, salts)
present in the sample, which could produce MS/MS spectra of low quality. However, it is
possible that some of these peptide queries are species-specific and do not have matches in
the database. Therefore, to improve protein identification rate, we repeated the analysis of
the same sample (fraction #3) using an Orbitrap high resolution mass spectrometer (LTQ
Orbitrap XL). The high resolving power of the Orbitrap (determines masses with very high
accuracy) has been useful in analyzing complex peptide mixtures by improving the
resolution (narrow peak width), which in turn would increase the detection of more m/z ions.
Thus, ions of similar m/z and proteins with multiple charges produced by ESI can be
detected distinctly. Our results indicated that, even with reduced peptide mass tolerance (+
0.1 Da) and fragment mass tolerance (+ 0.5 Da) values, Orbitrap analysis generated 20,123
peptide queries (6,619 more peptides compared to LTQ analysis). This analysis resulted in
the identification of a total of 51 non-redundant proteins that included 37 new proteins
(marked by “*” in Table 2). This increase in the rate of protein identification is the result of
an increase in the number of matching peptides, 908 peptides (~408 more peptides
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Accession No |Annotation MW  |emPAI |Score |Total Peptides
(Da) peptides |with
matched |[score<59
LTQ analysis
gi|10720235  Chloroplast precursor (PCR A) 41,358 6.34 1380 145 84
gi| 3318722 Leech-Derived Tryptase Inhibitor 24,142 3.35 660 134 101
gi| 2493131 V-ATPase subunit B 1 54,107 0.95 685 32 18
gi[90025017  Vacuolar proton-ATPase subunit A 68,754 0.61 672 35 26
gi|10720236  Chloroplast precursor (PCR B) 42,350 0.45 460 25 23
gi|18274925 Vacuolar membrane proton pump 80,108 0.31 376 20 13
gi| 476003 HSP70 67,146 0.11 349 12 10
gi| 461465 Actin 41,940 0.19 335 13 9
gi| 8928416 Tubulin beta-8 chain (Beta-8-tubulin) 50,596 0.07 232 7 6
8i|7960277  RuBisCO activase B 48,012 0.16 215 12 9
gi| 461988 Elongation factor 1-alpha 49,489 0.16 202 19 15
gi|90903441  Lipoxygenase 2 17,788 ND 110 4 4
gi|125548120 Hypothetical protein OsI_015175 92,128 0.04 154 4 3
gi|118498764 Glyceraldehyde-3-phosphate 30,091 0.13 136 6 5
dehydrogenase
gi| 7579064 Cytosolic glyceraldehyde-3-phosphate 25,448 0.15 135 5 4
dehydrogenase
8i|13925731  Cyclophilin A-1 18,721 0.21 100 3 3
8i]20302473  Ferredoxin-NADP(H) oxidoreductase 40,491 0.08 102 2 1
gi| 914031 WBP2=lipid transfer protein homolog 3,003 1.56 98 4 4
gi| 6911146 Glycine-rich RNA-binding protein 2 16,312 0.24 95 8 5
gi| 303844 Eukaryotic initiation factor 4A 47,187 0.08 93 2 1
gi| 944842 ATP/ADP carrier protein 36,013 0.10 90 5 3
gi|56606827  Calreticulin-like protein 47,404 0.14 82 2 1
gi|56713236  Non-specific lipid transfer protein 12,807 ND 66 2 2
gi| 4099408 Tonoplast intrinsic protein 25431 0.15 65 3 2
gi| 115349890 Fasciclin-like protein FLA3 41,600 ND 59 1 0
Total peptides | | | [505 |
Orbitrap analysis (Hits marked by “*” are unique hits to from Orbitrap analysis)
gi|10720235 Chloroplast precursor (PCR A) 41,358 2430 3667 142 14
gi[90025017  Vacuolar proton-ATPase subunit A 68,754 248 2670 88 8
gi|10720236  Chloroplast precursor (PCR B) 42,350 1.60 1111 48 6
*gi|157339402 ATPase subunit A 69,767 051 961 29 2
gi| 2493131 V-ATPase subunit B 1 54,107 128 906 35 4
gi| 32481063 Rubisco activase 47,371 0.82 871 28 3
8i|7960277  RuBisCO activase B 48,012 097 759 28 5
gi|19880505  Aquaporin PIP1 31,083 126 648 27 20
gi|18274925 Vacuolar membrane proton pump 80,108 043 637 37 15
*gi|162457723 Binding protein homologl 73,211 032 522 20 11
gi| 56606827  Calreticulin-like protein 47,404 041 486 12 6
*gi| 115383189 Plasmna membrane intrinsic protein 30,046 1.85 471 21 14
*gi| 34922469 Lipoxygenase 2.1 106,254 031 409 24 18
*gi| 6525065  Chloroplast TE factor Tu 50,551 0.38 385 9 2
gi|303844 Eukaryotic initiation factor 4A 47,187 029 381 12 5
*gi| 2827002 HSP70 71,385 058 380 23 10
*gi|26986186 Hexose transporter 79,631 017 348 13 7
gi| 461465 Actin 41,940 0.62 323 21 15
*gi| 125535913 Hypothetical protein OsI_036360 17,064 1.00 318 19 15
*2i|8928423  Tubulin beta-4 chain 50,791 049 316 12 6
*gi|115874 Serine carboxypeptidase III 55,869 0.16 304 10 4
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Accession No |Annotation MW  |emPAI |Score |Total Peptides
(Da) peptides |with
matched |[score<59
*gi| 14017584 Cytochrome f 35425 077 276 15 12
*gi| 14017579 ATP synthase CF1 beta subunit 53,881 0.83 265 33 29
*gi| 739292 Oxygen-evolving complex protein1 26,603 0.57 261 18 15
*gi|7452979  Allene oxide synthase 53,616 016 253 7 1
*¢i|5123910  HSP80-2 80,533 022 252 12 7
*gi| 122022 Histone H2B.1 16,423 062 248 8 3
gi|90903441 Lipoxygenase 2 17,788 2.05 241 13 12
*gi|127519390 Lipid transfer protein 11,629 045 197 6 4
*gi| 493591 Disulfide isomerase precursor 56,845 044 195 11 10
*gi|1658313  Os07g0683900 39,146 023 183 10 9
*gi|73912433  Aspartic proteinase 54965 025 179 9 8
*01|4158232  Reversibly glycosylated polypeptide 41,985 028 168 9 6
*¢i|111073715 Triticain alpha 51,572 017 160 7 4
*¢i|15289940 Putative actin 41,929 064 149 17 15
*gi|1556446  Alpha tubulin 50,266 0.38 140 10 9
*gi| 32400836 Elongation factor 18,638 024 139 4 1
*gi|72256525 Geranylgeranyl hydrogenase 50,966 0.17 139 7 6
*¢1|6013196  Heat shock protein 101 100,949 0.13 128 4 2
gi| 944842 ATP/ADP carrier protein 36,013 0.12 108 5 4
*¢i|3646373  RGP1 [Oryza sativa (indica cultivar- 40,079 0.17 108 4 3
group)]
*gi|4158221  Reversibly glycosylated polypeptide 41,861 0.17 108 4 3
[Oryza sativa (indica cultivar-group)]
*gi| 108709682 Alpha-1,4-glucan-protein  synthase 30,549 0.17 108 4 3
[Oryza sativa (japonica cultivar-
group)]
*¢1|3334138  Calnexin homolog precursor 62,270 0.07 100 4 4
*¢i|12585487 V-ATPase subunit C 40,131 022 91 3 2
*¢i|18650668 Temperature stress-induced lipocalin 21,809 0.15 90 2 1
*gi| 399414 Elongation factor 1-alpha 49,480 028 75 12 12
*gi| 90652740 Beta-glucosidase 64,980 0.06 75 5 5
gi| 115349890 Fasciclin-like protein FLA3 44,024 0.07 69 2 2
*gi|13027362 Unknown protein (rice) 30,690 011 69 2 2
*gi|58339283  Leucine zipper protein zipl 48,111 029 57 3 3
Total peptides | | [908 I

Table 2. List of proteins identified in fraction #3 by MudPIT using LTQ or Orbitrap
instruments. Fraction #3 was obtained from sucrose density gradient in Figure 2. Hits
corresponding to wheat proteins are in italic. Unique hits identified in the Orbitrap analysis

are marked by

“"gr

compared to LTQ) and generation of new MS/MS spectra by the higher resolution of the
Orbitrap. In addition, the Orbitrap analysis improved the scores (i.e., better MOWSE scores)
of the identified proteins. Interestingly, some of the proteins identified in LTQ analysis were
absent (or have lower scores) in Orbitrap analysis, which may indicate a higher rate of false
positive in LTQ analysis. In addition, the decoy value for Orbitrap analysis was 54
corresponding to ~7% false discovery rate (compared to 11.33% in LTQ analysis). It is worth
mentioning that we were able to improve protein identification by reducing false positive
rate to ~3% after cleaning our samples from residual sucrose, lipids and slats without major
increase in protein identification rate.
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In the context of GAX biosynthesis, only the Orbitrap analysis resulted in the identification
of several hits corresponding to reversibly glycosylated polypeptides (RGPs, GT75 family)
from rice (gi|3646373, gi|4158221, gi|108709682) and wheat (gi|4158232). These proteins
were identified by the following peptides (all with scores higher than 100):
GIFWQEDIIPFFQNATIPK, = NLDFLEMWRPFFQPYHLIIVQDGDPSK, = YVDAVLTIPK,
TGLPYLWHSK, VPEGFDYELYNR, NLLSPSTPFFFNTLYDPYR, and
EGAPTAVSHGLWLNIPDYDAPTQMVKPR. However, both LTQ and Orbitrap analyses
failed to identify TaGT43-4 and TaGT47-13 or any members of the GT43 or GT47 families.
These results underscore the limitations of MudPIT in identifying some GTs involved in
plant cell wall biosynthesis.

3.2.2 Gel-LC-MS/MS strategy to analyze protein content of fraction #3
3.2.2.1 Analysis of individual visible bands on 1-D SDS-PAGE

When individual visible bands on the gel (according to coomassie blue staining) were
trypsin-digested and the resulting peptides analyzed by LTQ, a total of 169 proteins were
matched by 2,106 peptide sequences (~5% of the total peptide sequences, Table 3). Among
these 169 proteins, only three proteins (gi|4158232, gi|2218152, and Os01g0926600) were
identified as GTs involved in GAX biosynthesis, and one of these three GTs (Os01g0926600)

Approximate |Total No |No of No of hits |Top hit GTs involved in GAX
MW of the of peptide |peptide identified [No of peptides |biosynthesis
bands (kDa) |queries [sequences matched] [No of peptides matched]
with hits
30 4,356 42 14 gi| 10720235 None
[15]
35 4,766 116 17 gi| 10720235 None
[48]
40 4,790 122 21 gi| 10720235 gi| 4158232, gi | 2218152, GT75
[21] 3]
48 3,972 36 10 gi| 10720235 None
(1]
50 4,124 127 19 gi|5917747 0s01g0926600, GT47  [1]
[15]
59 4,526 790 29 gi| 2493131 None
[83]
64 4,275 376 20 gi| 14017569 None
[62]
70 4,739 267 9 gi| 90025017 None
[114]
80 4,430 169 17 gi| 90025017 None
[28]
100 3,306 61 13 gi| 544242 None
3]
Total 43,284 2,106 169

Table 3. Proteins identified from Gel-LC-MS/MS analysis of visible bands on SDS-PAGE gel
of fraction #3 (Figure 3) involved in GAX biosynthesis. Fraction #3 was from EDTA-
supplemented sucrose gradient (see Figure 2). The approximate MW of gel bands is
indicated along with the number of proteins identified under the same band.
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was newly identified by this analysis (not present in MudPIT analysis). Table 4 lists non-
redundant proteins identified by each analysis of individual proteins band. There were 57
new proteins identified by this strategy (not present in MudPIT analysis). Among these new
hits, 0s01g0926600 (MW 47,271) was identified from the analysis of gel band around 50 kDa
by the following peptide IEGSAGDVLEDDPVGR (score 79). This rice protein has an
exostosin domain belonging to the family GT47 that also contains wheat members known to
be involved in GAX synthesis (Zeng et al., 2010). Again, this strategy failed in identifying
any members of the GT43 family.

3.2.2.2 Analysis of equal slices covering 30-180 kDa area of the 1-D SDS-PAGE

When the gel area between 30 and 180 kDa was sliced into 20-40 equal slices and each slice
subjected to trypsin digestion, a total of 233 proteins were identified through LC-MS/MS
using LTQ analysis. These hits were matched by 1,283 peptide sequences, a ~0.9% of the
total peptide sequences (Table 5). Table 5 lists the total peptide queries resulted from each
slice along with the number of hits identified in NCBI databases, and the number of
peptides that matched these hits. This table also lists the top hit from the analysis of each
slice (often the top hit is similar in many slices). Table 6 lists the 41 identified proteins

Accle\lsslon Annotation Score I:ﬁif:;
Band around 25 kDa
gi|22204124 Putative 40S ribosomal protein S3 [Triticum aestivum] 117 2
gi| 115458216 Os04g0405100 [Oryza sativa (japonica cultivar-group)] 116 2
gi| 115475680 Os08g0277900 [Oryza sativa (japonica cultivar-group)] 103 2
gi|41529149 Putative acid phosphatase [Hordeum vulgare subsp. vulgare] 97 4
gi|22022400 Glutathione-S-transferase 19E50 [Triticum aestivum] 72 2
gi|47607439 Mitochondrial ATP synthase precursor [Triticum aestivum] 61 3
Band around 30 kDa
gi|162459667 Annexin p33 [Zea mays] 188 4
gi| 115436780 Os01g0501800 [Oryza sativa (japonica cultivar-group)] 171 4
gi|162462814 Toc34-2 protein [Zea mays] 170 8
gi| 82502214 Vacuolar proton ATPase subunit E [Triticum aestivum] 166 13
gi|2586127  B-keto acyl reductase [Hordeum vulgare] 124 4
gi|146231063 Hypersensitive response protein [Triticum aestivum] 97 4
gi| 32308080 a-SNAP [Hordeum vulgare subsp. vulgare] 70 2
gi|15226197 Leucine-rich repeat transmembrane protein kinase [Arabidopsis 58 3
thaliana]
Band around 35 kDa
gi|1658313  0sr40g2 [Oryza sativa Indica Group] 163 5
gi|20302471 Ferredoxin-NADP(H) oxidoreductase [Triticum aestivum] 162 7
gi| 115474135 Os07g0683600 [Oryza sativa (japonica cultivar-group)] 141 5
gi|21952858 Putative 60S ribosomal protein L5 [Oryza sativa Japonica Group] 132 3
gi|115434012 Os01g0104400 [Oryza sativa (japonica cultivar-group)] 118 6
gi| 218155 Chloroplastic aldolase [Oryza sativa Japonica Group] 97 4
Band around 40 kDa
gi|146552329 Glyceraldehyde 3-phosphate dehydrogenase [Zehneria baueriana] 155 6
gi| 120670 Glyceraldehyde-3-phosphate dehydrogenase [Zea mays] 130 5
gi| 125553548 Hypothetical protein OsI_020490 [Oryza sativa (indica cultivar- 120 9
group)]
gi|115437984 Os01g0587000 [Oryza sativa (japonica cultivar-group)] 119 2
gi| 110278822 ATP synthase subunit gamma [Zea mays] 111 6
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Accle\lsslon Annotation Score lgfaﬂzll?:;
gi|157328342 Unnamed protein product [Vitis vinifera] 97 6
gi|2218152 Type IIla membrane protein cp-wap13 [Vigna unguiculata] 86 3
gi| 218157 Cytoplasmic aldolase [Oryza sativa Japonica Group] 63 2
gi| 115473689 Os07g0643700 [Oryza sativa (japonica cultivar-group)] 62 3
gi| 53791484 DUF642 containing protein, unknown protein [Oryza sativa 58 2

Japonica Group]
Band around 45 kDa
gi|46911561 Putative vacuolar ATPase subunit H [Populus deltoides x 140 2
maximowiczii]
gi|6015084 Elongation factor Tu [Pisum sativum] 137 3
gi|75243541 Probable V-type proton ATPase subunit H [Oryza sativa Japonica 111 2
Group]
gi|50251779 Citrate synthase, glyoxysomal precursor [Oryza sativa Japonica 78 2
Group]
Band around 50 kDa
gi|5917747  Elongation factor-1 alpha 3 [Lilium longiflorum] 241 15
gi|7452981  Allene oxide synthase [Hordeum vulgare subsp. vulgare] 125 6
gi|115465711 Os05g0585500 [Oryza sativa (japonica cultivar-group)] 91 2
gi| 115441967 Os01g0926600 [Oryza sativa (japonica cultivar-group)] GT47 79 1
gi| 37361675 RubisCO large subunit [Aloe niebuhriana] 64 5
8190289596 Alpha tubulin-2A [Triticum aestivum] 58 1
gi|2274988 Unnamed protein product [Hordeum vulgare subsp. vulgare] 57 2
Band around 59 kDa
gi|15233891 Vacuolar ATP synthase B2 [Arabidopsis thaliana] 1999 75
gi| 115589736 Serine hydroxymethyltransferase [Triticum monococcum 551 21
gi| 162462751 Mitochondrial F-1-ATPase subunit 2 [Zea mays] 528 19
gi|47522360 Putative calcium-dependent protein kinase [Triticum aestivum] 167 3
gi|81176509 atpl [Triticum aestivum] 82 7
gi| 77554943 Aminoacyl-tRNA synthetase [Oryza sativa (japonica cultivar- 63 2
group)]
Band around 64 kDa
2i|14017569 |ATP synthase CF1 alpha subunit [Triticum aestivum] [1363 |62
Band around 70 kDa
gi|1181331 Calnexin [Zea mays] 95 3
gi|51592190 Nucleotide pyrophosphatase/phosphodiesterase [Hordeum 57 2
vulgare]
Band around 80 kDa
gi|50897038 Methionine synthase [Hordeum vulgare subsp. vulgare] 821 28
gi| 8134568  5-methyltetrahydropteroyltriglutamate--homocysteine 243 13
methyltransferase [common iceplant]
gi|82582811 Heat shock protein 90 [Triticum aestivum] 198 8
gi|32492578 RNA binding protein Rpl120 [Oryza sativa (japonica cultivar- 83 2
group)]
gi| 115452177 Os03g0271200 [Oryza sativa (japonica cultivar-group)] 64 2
Band around 100 kDa
gi| 544242 Endoplasmin homolog [Hordeum vulgare] 93 3
gi|2429087 Lipoxygenase 2 [Hordeum vulgare subsp. vulgare] 63 2

Table 4. Newly identified proteins by LC-MS/MS analysis from individual visible bands on
SDS-PAGE gels (not identified in MudPIT analysis). Only proteins with scores >55 and/or
two peptide matches are listed.
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Gel area Slice # |Total No of |No of No of hits  |Top hit GTs involved in
covered MW peptide sequences |identified [No of peptides |GAX biosynthesis
(kDa) queries with hits matched]
1 4,683 88 13 gi| 6715512 None
2 4,845 141 11 gi|90025017 None
3 4,761 41 7 gi| 90025017 None
4 5,262 137 23 gi|10720235 None
5 5,229 37 5 gi| 10720235 None
6 4,971 17 5 gi|10720235 None
7 4,866 23 7 gi| 6715512 None
~70 - ~180 8 5,009 23 6 gi|10720235 None
9 4,249 3 1 gi|10720235 None
10 4,804 12 1 gi| 10720235 None
11 4,897 23 4 gi|10720235 None
12 4,623 160 15 gi|2493132 None
13 4,283 38 11 gi|10720235 None
16 3,937 10 3 gi| 13375563 None
17 3,793 3 2 gi | 129707 None
1 5,236 21 5 gi|10720235 None
2 4,722 16 4 gi|739292 None
3 4,552 13 4 gi|10720235 None
4 4,564 2 1 gi| 10720235 None
5 4,623 49 4 gi | 14017569 None
6 4,243 30 5 gi| 6715512 None
7 3,950 4 2 gi|20322 None
8 4,165 4 2 gi|439586 None
9 4,596 40 8 gi|10720235 gi|159470791,
gi| 159471277,
GT47 family
10 3,834 18 5 gi| 57471704 None
~30 to ~70 11 3,481 5 2 gi| 10720235 None
12 4,171 68 9 gi|90025017 None
13 4,852 17 3 gi|129708 None
14 3,880 21 5 gi|10720235 None
15 3,764 283 14 gi| 2493131 None
16 1,007 26 4 gi|10720235 gi| 2218152,
gi| 4158232,
GT75 family
17 1,994 37 6 gi|10720235 None
18 2,212 40 8 gi|10720235 gi| 2218152,
gi | 4158232,
GT75 family
19 4,766 116 17 gi|10720235 None
20 4,790 122 21 gi|10720235 None
Total 37 | 149,614 [1283 [233 | |

Table 5. Proteins involved in GAX biosynthesis identified in fraction #3 by Gel-LC-MS/MS
and LTQ strategy. The gel area between 30 and 180 kDa of SDS-PAGE was sliced into 20-40
slices (see Figure 3) and each slice was trypsin-digested and analyzed.

(among the 233 hits) that were unique to this strategy (not in previous analyses). Among the
unique hits identified by this strategy, two Chlamydomonas reinhardtii GTs (gi | 159470791,
and gi|159471277) belonging to the GT47 family (both annotated as exostosin-like
glycosyltransferase) were identified by the following peptide RVAEADIPRL (score 56). This
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Accession Annotation Score | Peptides
No matched
gi| 6715512  V-type H+ ATPase B subunit [Nicotiana tabacum] 117 18
8i[2493650 RuBisCO large subunit-binding protein subunit beta 77 2
gi| 475600 BiP isoform B [Glycine max] 102 5
gi| 123656 Heat shock-related protein [Spinacia oleracea] 94 7
gi| 115458184 Calreticulin family, Os04g0402100 62 2
gi| 42541152 Delta tonoplast intrinsic protein TIP2;2 [Triticum aestivum] 120 3
gi|1709846  Photosystem II 22 kDa protein [Lycopersicon esculentum] 109 2
gi|4099406 Camma-type tonoplast intrinsic protein [Triticum aestivum] 95 3
gi|28569578 Allene oxide synthase [Triticum aestivum] 59 3
gi|1709358 Nucleoside-triphosphatase [Pisum sativum] 81 2
gi|904147  Adenosine triphosphatase [Sinofranchetia chinensis] 237 11
gi|15010616 AT4g38510/F20M13_70 [Arabidopsis thaliana] 235 8
gi|24496452 Actin [Hordeum vulgare] 172 5
gi| 115589744 S-adenosylmethionine synthetase 1 [Triticum monococcum] 74 2
gi| 13375563 Lipid transfer protein precursor [Triticum aestivum] 154 4
gi|14017578 ATP synthase CF1 epsilon subunit [Triticum aestivum] 99 2
gi| 16225 Calmodulin [Arabidopsis thaliana] 69 2
gi| 75108545 Peroxiredoxin Q, chloroplastic [Triticum aestivum] 95 2
gi| 464517 50S ribosomal protein L12-1 [Secale cereale] 67 4
gi|115442509 Cyt-b5 family, Os01g0971500 [Oryza sativa (japonica cultivar- 65 3
group)]
gi| 42565453 Cyclophilin [Hyacinthus orientalis] 59 2
gi| 68566191 Cytochrome b6-f complex [Triticum aestivum] 129 5
gi| 118104 Peptidyl-prolyl cis-trans isomerase [Zea mays] 89 2
gi| 154761388 Cyclophilin [Triticum aestivum] 89 2
gi| 231496 Actin-58 [Solanum tuberosum] 166 8
gi|115467154 Os06g0221200 annexin family [Oryza sativa (japonica cultivar- 86 2
group)]
gi| 52548250 ADP-ribosylation factor [Triticum aestivum] 162 6
gi| 74048999 Eukaryotic translation initiation factor 5A1 [Triticum aestivum] 71 2
gi| 57471704 Ribosomal protein L11 [Triticum aestivum] 186 8
gi| 432607 Ras-related GTP binding protein possessing GTPase activity 119 4
[Oryza sativa]
gi|115441299 Os01g0869800, PsbS subunit [Oryza sativa (japonica cultivar- 73 2
group)]
gi| 115444503 Os02g0171100 [Oryza sativa (japonica cultivar-group)] 283 4
gi| 16304127 Glyceraldehyde 3-phosphate dehydrogenase 1 [Fragaria x ananassa] 132 3
gi| 18071421 Putative dehydrogenase [Oryza sativa (japonica cultivar-group)] 125 4
gi| 166627 Nucleotide-binding subunit of vacuolar ATPase [Arabidopsis 115 2
thaliana]
gi|8272480  Fructose 1,6-bisphosphate aldolase precursor [Avena sativa] 92 5
gi|159470791 Exostosin-like glycosyltransferase [Chlamydomonas reinhardtii] 56 2
gi| 159471277 Exostosin-like glycosyltransferase [Chlamydomonas reinhardtii] 56 1
gi| 115451383 Os03g0200800 [Oryza sativa (japonica cultivar-group)] 202 4
gi| 147858623 Hypothetical protein [Vitis vinifera] 65 2

Table 6. List of unique hits identified through Gel-LC-MS/MS and LTQ analysis of 20-40
slices covering 30-180 kDa area of the SDS-PAGE. Only hits with scores >55 and/or two
peptide matches are listed.

strategy, however, identified the exact wheat RGP protein (TaGT75-4, gi |4158232) with the
following peptides VPEGFDYELYNR and YVDAVLTIPK (both with score 59). Therefore,
this strategy successfully identified TaGT75-4 protein and homolog to TaGT47-13 but failed
to identify the exact TaGT47-13 protein or any homolog to TaGT43-4 protein.
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4. Discussion

Hemicellulosic polymers such as GAX represent up to 40% (w/w) of grass cell walls (in
particular from growing tissues). In sharp contrast with the abundance of these polymers,
the GTs that synthesize these compounds are present in low amounts in Golgi membranes
of the plant cell. This observation suggests that these enzymes are highly active and may not
be required in large quantities in the plant cell. This low abundance of GTs has been the
main limiting factor in applying proteomics approaches to plant cell wall biosynthesis. To
further complicate the issue, isolation of GTs from Golgi membranes (or simply disrupting
these membranes) generally results in a drastic reduction or loss of transferase activity in
vitro. To detect this weak transferase activity in vitro, it is necessary to use very sensitive
biochemical assays (i.e., [14C]radiolabeled sugars-based assay). Since the loss of transfer
activity is GT-dependent, the biochemical assays are not the best way to estimate the
abundance of these enzymes in a particular protein preparation. Therefore, when working
with plant cell wall GTs, all these factors should be taken in consideration. In this work,
such in vitro assay was used to monitor the distribution of GAX synthase activity (from
Golgi-enriched membranes) on a linear sucrose density gradient supplemented with EDTA
as described earlier (Zeng et al.,, 2010). According to our in vitro assay, fraction #3 was
substantially enriched in GAX synthase activity (Figure 2), and it can be assumed that this
fraction is also enriched in TaGT43-4, TaGT47-13, and TaGT75-4 proteins. Therefore, fraction
#3 is an excellent starting material to evaluate proteomics strategies in identifying these
three GTs among a mixture of proteins. Furthermore, because genome and protein sequence
information from five grass species are currently publicly available (Figure 1), it can be
expected that proteomics analysis on wheat would be successful.

Our analyses indicated that gel-based proteomics approach (gel-LC-MS/MS) has a superior
result compared to gel-free approach (i.e., MudPIT). In the MudPIT strategy, LTQ and
Orbitrap analyses identified a total of 83 non-redundant proteins, but only 14 of these
proteins where in common (Figure 4). However, the Orbitrap gave higher scores and protein
identification rates. On the other hand, the Gel-LC-MS/MS strategy resulted in the
identification of a total of 180 non-redundant proteins, among which 83 proteins were in
common with MudPIT analyses (97 new proteins) (Figure 4).

LTQ & Orbitrap

Fig. 4. Distribution of protein hits identified by Gel-LC-MS/MS and MudPIT strategies.
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Regarding the ability to identify GTs, the Gel-LC-MS/MS strategy identified most of the
GTs associated with GAX biosynthesis. Intriguingly, all the strategies used failed to identify
TaGT43-4 or any closest homolog from the NCBI database. Three possibilities could explain
this result: (i) the TaGT43-4 protein may be lost during the precipitation step (preparation of
the sample); (i) TaGT43-4 is a very active enzyme and is present in only small amounts in
fraction #3, which may not be detectable by the LC-MS/MS methods used in this work, or
(i1i) TaGT43-4 protein is somehow resistant to trypsin digestion.

Our hypothesis is that most of the TaGT43-4 protein was lost during the precipitation step,
as Golgi proteins are known to easily aggregated during precipitation and are very difficult
to re-solubilize in a buffer containing detergent. Although it has been shown that ASB-14
and SDS detergents are suited for solubilizing hydrophobic proteins (Herbert, 1999), their
use in this study may not be efficient in re-solubilizing freeze-dried or TCA/acetone
precipitated wheat Golgi proteins. In support of this hypothesis, fraction #3 should be
enriched in Golgi proteins (Zeng et al., 2010), but our analysis indicates that fraction #3 was
actually enriched in endoplasmic reticulum (14%), tonoplast (17%), and plastid (28%)
proteins, and Golgi proteins represented only 2% of the total hits (according to NCBI
annotation of possible subcellular localizations) (Figure 5). Therefore, a reliable
‘precipitation-re-solubilization” strategy appears to present a crucial step that must be
optimized for minimal protein loss. Alternatively, improving enrichment strategies to
overcome protein loss during the “precipitation-re-solubilization step should be developed.

Intracellular
traffic Cytosol
Cytoskeleton (6%) (8%)
(3

N (2%) Golgi
Unclear (15%)
assignment Plastids
(289%)
Endoplasmic '
reticulum (14%)
(3%) Plasma
membrane

(17%) (4%)
Tonoplasts Mitochondria

Fig. 5. Classification of proteins identified in fraction #3 according to NCBI annotation of
their possible sub-localization.

Although all proteomics strategies employed here have failed to reveal the exact identity of
some GTs associated with GAX biosynthesis, proteomics is still a powerful tool, as many
low abundant GTs (among the 2% proteins from the Golgi) could be identified. Furthermore,
this work demonstrated that working with a non-model species without a fully sequenced
genome such as wheat did not seem to be an issue, as most (40-60%) of the proteins
identified were either from wheat sequences available in the databases, or were closest
homologs to the anticipated wheat proteins from grass species (rice, barley, maize, or
sorghum). The other limitation in applying proteomics to plant cell wall biosynthesis is the
capacity of a mass spectrometer analyzer to extract as many MS/MS spectra as possible to
increase the detection rate of proteins. To overcome all these issues and depending of the
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complexity of the protein sample, we are proposing a workflow to carry out a successful
proteomics analysis (Figure 6). In this workflow, the first step is to assess the quality of the
sample by optimizing the precipitation step (removal of salts and contaminants) without
any protein loss. Our work demonstrated that “precipitation-re-solubilization” step is
crucial in a successful proteomics analysis of Golgi membrane proteins. Depending of the
complexity of the samples, the simplest proteomics strategy to try is the combination of
MudPIT fractionation with LTQ analysis. If the sample contains more than 500 proteins, the
use of high resolution mass spectrometry (e.g. Orbitrap) in combination with MudPIT could
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Fig. 6. A proteomics workflow pipeline for efficient protein identification from unknown
samples.

be the easiest strategy to test. For more complex protein samples (more than 1000 proteins) it
may be necessary to combine 1-D SDS-PAGE fractionation, LC-MS/MS and the high
resolving power of the Orbitrap analyzer for optimal protein identification (Figure 6).

The distribution of GAX synthase over sucrose density gradient was intriguing. In the absence
of EDTA, all GAX synthase activity stabilized at the expected density of ~1.16g/mL (fractions
17 and 18 in Figure 2) along with the Golgi marker activity IDPase (Zeng et al., 2010). The
inclusion of EDTA in the sucrose gradient resulted in splitting of the activity into three density
areas, namely around density 1.09¢/mL (fractions 2 and 3 in Figure 2), around density
1.14g/mL (fractions 12 and 13 in Figure 2), and around density 1.16g/mL (fractions 17 and 18
in Figure 2). Fraction #3 contained the highest GAX synthase activity. This shift in the density
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may suggest that GAX synthase activity is associated with various Golgi compartments. The
presence of such Golgi compartments was reported earlier by Mikami et al. (2001) in rice but
not in tobacco cells. They showed that rice Golgi complex fractionated into several
compartments by simple centrifugation on density gradient in presence of EDTA or MgCl..
Recently, Asakura et al., (2006) used this strategy to isolate (and analyze by proteomics) rice
cis-Golgi membranes labeled with green fluorescent protein (GFP) fused to a cis-Golgi marker
SYP31 (which belongs to a family of SNARE proteins; soluble N-ethyl-melaeimide sensitive
factor attachment protein receptor). Interestingly, their proteomics results gave very similar
protein composition to our data, except that no members of the GT43, 47, and 75 were
identified in their study (Asakura et al., 2006). Taking together, these results suggest that the
cis-Golgi is less tightly attached to the medial and trans-Golgi compartments in grasses.
Therefore, we are tempted to propose a possible explanation of the effect of EDTA on the
dissociation of these Golgi compartments (Figure 7). Our hypothesis is that some ions (i.e.,
Ca?*) are involved in linking cis-Golgi (and probably the trans Golgi network [TGN]) to the
medial and trans-Golgi cisternae. In the absence of EDTA, the whole Golgi complex would
stabilize at an apparent high density (~1.16g/mL, fraction 17 and 18 in Figure 2). Upon
addition of EDTA into sucrose gradient, the ions are chelated leaving different Golgi
compartments stabilized at their corresponding densities (1.09, 1.12, and 1.16g/mL in Figure
2). In any case, the fractionation of the Golgi complex from grasses in the presence of EDTA is
an excellent tool for isolating different Golgi compartments.

GN
; Aans Ciz EGN
lc"‘s i, | [density {density milia

| 1-09gmi} 1.12giml)  (density 1.16g/mi)

[dfﬂuﬂ;wl;?:‘ll] Dizassembled Golgi comparimeants
Fig. 7. A diagrammatic representation of the possible effect of EDTA on the dissociation of
Golgi compartments, cis-, medial-, trans-Golgi, and trans Golgi network (TGN). EDTA
would chelate metal ions that mediate the attachment (red lines) of cis-Golgi compartment
to the medial and trans-Golgi cisternae.

5. Conclusion

We evaluated two proteomics strategies for MS/MS identification of GTs associated with
GAX synthase complex in wheat for which little genome sequence is available. The
evaluation of these strategies is based on their capacity to identify the exact wheat proteins
TaGT43-4, TaGT47-13, and TaGT75-4, or at least their closest homologous proteins from
other grass species such as rice, barley, maize, or sorghum. Therefore, these strategies are
MS/MS spectra quality-dependent and cross-species-dependent using error tolerant BLAST
search and de novo peptide sequences generated from the MS/MS spectra. Our data
indicated that the highest number of unique hits identified (180 proteins) was obtained
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through Gel-LC-MS/MS strategy using the Orbitrap analyzer, but the fact that TaGT43-4
and/or its homologous proteins were not identified by this method underscores the
importance of optimizing sample preparation step (precipitation-re-solubilization). Based on
our results and interpretations, we have proposed a workflow chart that includes routinely
used proteomics methods and optimization steps to help increase the detection rate of
proteins of plant cell wall GTs from non-model plants.
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1. Introduction

The Golgi apparatus plays a central role in the eukaryotic secretory pathway shuttling
products between a variety of destinations throughout the cell. It is a major site for the post
translational modification and processing of proteins as well as having a significant role in
the synthesis of complex carbohydrates. The Golgi apparatus exists as a contiguous
component of the endomembrane system which encompasses the endoplasmic reticulum
(ER), plasma membrane, vacuoles, endosomes and lysozymes (Morre & Mollenhauer, 2009).
The Golgi apparatus is tightly linked to numerous signaling processes through membrane
and vesicular trafficking throughout the endomembrane. This interconnection provides
communication and recycling networks between the Golgi apparatus, the plasma
membrane, vacuoles and lysosomes. Thus, the Golgi apparatus represents significant
structure within the eukaryotic cell by regulating an array of complex biosynthetic
processes.

The Golgi apparatus was first described at the end of the 19th century by Camillo Golgi
using light microscopy on nerve tissue samples (Golgi, 1898; Droscher, 1998). A half century
passed and with the development of the electron microscope a more detailed picture
emerged highlighting the extreme complexity and heterogeneity of the organelle in the
eukaryotic cell (Dalton & Felix, 1953). The classic structure of the Golgi apparatus is that of a
distinct membranous stack disassociated within the cytosol (Fig.1). This familiar image
conceals the underlying complexity and interconnected nature of this organelle within the
cell. With the development in the last decade of routine mass spectrometry-based
proteomics, applying these methods to functionally characterize biological systems has been
a major focus. The complexity and integrated structure of the Golgi apparatus and
associated membrane systems makes analysis of this organelle one of the most complicated
subcellular compartments to address with modern proteomics techniques. This chapter will
highlight recent advances in our knowledge about the Golgi apparatus in eukaryotic
systems that have been largely driven by the development of isolation procedures and
subsequent proteomic analysis.
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Fig. 1. Electron micrograph of a Golgi stack from the model plant Arabidopsis thaliana
highlighting the integrative structure and membrane organization. Scale bar = 200nm.

2. Differential density enrichment of Golgi

The basic technique of differential density enrichment of Golgi membranes represents the
most common isolation and enrichment process for downstream proteomic analyses. The
technique was well-established in most eukaryotic systems prior to the development of
mass spectrometry-based identification techniques. Consequently, analysis of the enriched
Golgi apparatus fraction using this method was a logical approach, although one limited by
contaminating organellar membranes and low gradient resolution. Yet, insights into
membrane systems associated with trafficking, post-translational modifications and
complex carbohydrate biosynthesis have been revealed.

Many of the initial approaches used to characterize Golgi associated proteins by differential
centrifugation employed SDS-PAGE arraying techniques prior to identification of proteins
by mass spectrometry. Nearly all of the early proteomic studies on enriched Golgi fractions
are from easily accessible samples such as rat livers, likely reflecting the need for the
development of purification techniques. The earliest ‘proteomic’ analyses of the Golgi
employed two-dimensional gel electrophoresis (2-DE) to array enriched stacked Golgi
fractions from rat livers (Taylor et al., 1997b). The study used cyclohexamide in an effort to
clear transitory proteins from the secretory pathway and reduce non-specific Golgi proteins.
While only a handful of proteins were identified by cross comparing reference maps and
immunoblotting the study demonstrated the validity of a proteomic approach to analyze the
Golgi and could discern resident proteins from cargo and cytosolic proteins (Taylor et al.,
1997b). Significantly, the study employed a recently developed sequential sucrose gradient
enrichment method (Taylor et al., 1997a) and enabled the reliable visualization of Golgi
proteins by 2-DE with reduced contaminants. The sequential sucrose enrichment of stacked
Golgi from liver samples involved initially loading a clarified homogenate (post-nuclear
supernatant) between 0.86 M and 0.25 M sucrose steps followed by centrifugation. The
resultant 0.5/0.86M interface (Int-2) was removed, adjusted to 1.15M sucrose and overlaid
with 1.0M, 0.86M and 0.25M sucrose and centrifuged. The resultant 0.25/0.86 interface
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represented the enriched stacked Golgi fraction (Fig. 2). This fraction was estimated to
represent 200 to 400- fold enrichment over the post-nuclear fraction (Taylor et al., 1997a).
With the development of reliable protein identification through tandem mass spectrometry
this Golgi enrichment technique could be more readily exploited for functional proteomic
studies. This was undertaken through 2-DE arraying of Golgi samples using the sequential
sucrose technique on rat liver and mammary epithelial samples (Taylor et al., 2000; Wu et
al., 2000). Both studies employed early liquid chromatography-tandem mass spectrometry
(LC-MS/MS) methods using iontrap MS and resulted in the identification of 71 proteins
from 588 unique 2-DE spots of rat liver (Taylor et al., 2000) and over 30 distinct proteins
from mammary epithelial cells (Wu et al., 2000). This later work outlined a comparative
study of Golgi isolated from cells transiting from basal (steady-state) to maximal secretion.
Proteins identified by this study were upregulated during this transition and comprised a
series of Rab proteins, structural components such as microtubule motor proteins and
membrane fusion proteins e.g. Annexins (Wu et al., 2000). Another early attempt at
characterizing Golgi associated proteins by proteomic methods employed a previously
developed strategy to enrich WNG fractions (nuclear associated Golgi fractions) from rat
liver homogenates (Dominguez et al., 1999). The technique employs multiple rounds of low
speed centrifugation steps in conjunction with a 0.25 to 1.10 M sucrose gradient. For analysis
by mass spectrometry, proteins from the resultant rat liver WNG fraction were partitioned
into a detergent fraction using Triton X-114 to enrich for membrane proteins and arrayed by
SDS-PAGE or 1-DE (Bell et al.,, 2001). A total of 81 proteins were identified from 1-DE
arrayed samples using MALDI-MS, nano-MS/MS or Edman sequencing and included a
range of well-characterized Golgi proteins including lectins, KDEL receptor,
glycosyltransferases and trafficking proteins (Rabs, SNAREs, SCAMPs). While the results
demonstrated the applicability of the overall approach, a significant number of
contaminants were also identified in the samples (Bell et al., 2001).
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Fig. 2. Schematic outline of the sequential sucrose density gradient procedure developed for
the isolation and purification of Golgi stacks from rat liver (Taylor et al., 1997a). The values
within the tubes indicate concentration of sucrose (M: mol/L).

With the development of advanced gel-free approaches like multidimensional protein
identification technology (MudPIT) for the analysis of complex lysates by mass
spectrometry (Wu et al., 2003), a number of previously established enrichment strategies
were again analyzed. The two independent and sequential sucrose step gradient technique
(outlined above) was employed to isolate Golgi membranes from the livers of rats treated
with cyclohexamide (Wu et al., 2004). These fractions were analyzed directly by MudPIT,
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using a 12-step strong cation exchange (SCX) fractionation coupled to reverse phase LC-
MS/MS by iontrap MS. From this approach, 421 proteins were identified from Golgi
fractions isolated from rat liver homogenates (Wu et al., 2004). About 26% of the proteins
(110) could be confidently allocated to Golgi-associated functions with about 10% allocated
as unknowns. A large proportion of the identifications represented proteins from
contaminating organelles including ER (23%), plasma membrane (9%) and cytosol (9%).
Nonetheless, a large number of proteins were identified from major Golgi functional
processes including transporters, SNARES, glycosyltransferases, G-proteins and clathrin
proteins (Wu et al., 2004). Importantly, the gel-free approach enabled the detection of
protein modifications with a total of 10 Golgi proteins identified with arginine
dimethylation, a potential regulator of protein function (Wu et al., 2004). Stacked Golgi
membranes isolated from rat liver homogenates were again analyzed by MudPIT (using a
Q-TOF) in a separate study. After initially enriching the membranes by a discontinuous
sucrose gradient, repeated centrifugations through 1.3M sucrose were used to clarify and
purify the Golgi stacks (Takatalo et al., 2006). Replicate experiments were fractionated
offline by SCX prior to analysis by LC-MS/MS. A total of 1125 proteins were identified in
the two experiments by combining results from two separate MS/MS search algorithms
(Takatalo et al., 2006). Analysis of these protein identifications found that 35% contained at
least one predicted transmembrane domain and 201 proteins could be assigned as Golgi or
transport related based on functional annotations. When compared to the similar approach
of Wu et al,, (2004) a total of 399 proteins were identified by both studies. The multiple
isolation and analysis strategies enabled the number of unknown proteins from the rat liver
Golgi fraction to be significantly extended by 89 proteins. Overall, proteins associated with
glycosylation, Golgi matrix complexes, enzymes involved in isomerase and transferase
activities and protein trafficking components were all identified (Takatalo et al.,, 2006).
Nonetheless, limitations in the purification procedure are highlighted by positive allocations
of this proteome to the cytosol (15%), contaminating membranes (20%) and the cryptically
named “undetermined location” (20%) (Takatalo et al., 2006).

In an effort to address contamination issues and to better tease apart and define the ER,
quantitative proteomic strategies were subsequently employed on rat liver Golgi enriched
by sucrose density centrifugation (Gilchrist et al., 2006). Previous methods used to isolate rat
Golgi fractions (Bell et al,, 2001) were used as well as rough and smooth microsomal
preparations (Paiement et al., 2005). This was followed by 1-DE, band isolation and analysis
by nanoLC-MS/MS (Q-TOF MS). Based on annotation information, Golgi fractions were
estimated to comprise around 10% mitochondrial protein, although there was a distinction
in proteins identified between the Golgi and microsomal fractions. Multiple biological
replicates for the Golgi and microsomes were undertaken and proteins quantified by
redundant spectral counting techniques (Blondeau et al., 2004). Hierarchical clustering with
Pearson correlation was used to visualize protein abundance measures and this analysis
identified four major groups which co-clustered with organelle markers sec61 (rough
microsome), calnexin (ER), p97 (smooth microsomes) and mannosidase II (Golgi). This co-
clustering with defined markers indicated that quantifying distinct fractions could be used
to tease apart the secretory pathway (Gilchrist et al., 2006). Nonetheless only 43 additional
proteins could be confidently assigned to the Golgi compared to a previous analysis that
had identified 81 proteins (Bell et al., 2001). Consequently COP1 vesicle enrichment from the
Golgi fraction was also undertaken to extend the proteome. Overall 1430 proteins were
identified from the rat liver secretory system with quantitative proteomics enabling the
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confident assignment of 193 proteins to Golgi/COP1 vesicles, with 405 proteins shared
between the Golgi and ER fractions. The work identified a host of secretory proteins
including Rabs, SNARES, Sec proteins and unknowns (Gilchrist et al., 2006). A similar
MudPIT approach in mouse was undertaken by employing spectral counting for
quantification of proteins from multiple subcellular fractions (cytosol, microsomes,
mitochondria and nuclei) to determine distinct proteomes (Kislinger et al., 2006). This study
also isolated compartments from different organs and undertook organ specific transcript
profiles to develop machine-learning techniques to classify subcellular localizations. The
enrichment method for the microsomal fraction (Golgi) resulted from high speed
centrifugation of a post-nuclear supernatant and thus represents a fairly crude membrane
preparation. Nonetheless, by employing samples from multiple organs, transcript profiling
and modeling techniques a significant number of secretory proteins were identified and
expressions profiled (Kislinger et al., 2006).

The focus on cellular secretory system as an important component in agricultural milk
production was explored with the analysis of microsomal fractions from bovine mammary
glands (Peng et al., 2008). The study used a 100,000g microsomal pellet from homogenized
mammary tissue clarified at 10,000g to isolate enriched microsomal fractions. Samples were
arrayed by 1-DE and analyzed by nanoLC-MS/MS, by linear iontrap (LTQ). Of the 703
proteins identified from these fractions nearly half were designated as likely secretory
components with a total of 48 (~ 7%) allocated as originating from the Golgi apparatus.
These included ADP-ribosylation factors, coatomer protein complex components,
transporters, Rab and Sec proteins (Peng et al., 2008).

Surprisingly, only one study has used basic density centrifugation techniques and
proteomics to examine the Golgi apparatus of yeast, the most widely studied eukaryotic
system (Forsmark et al., 2011). The sec6-4 yeast mutant was identified several decades ago as
a temperature sensitive mutant that accumulates post-Golgi secretory vesicles (Walworth &
Novick, 1987) although until recently no proteomic analysis had been undertaken. Recently
the sec6-4 mutant was used to undertake comparative proteomics against the sec23-1, a yeast
mutant that is depleted of vesicles (Kaiser & Schekman, 1990). Comparative proteomics was
undertaken between these two yeast mutants using iTRAQ on fractionated vesicles purified
on 9-step linear sorbitol gradients. After density centrifugation, fractions showing the
highest signal for SNARE proteins from the two mutant lines were pooled and used for
analysis by nanoLC-MS/MS by Orbitrap MS. A total of 242 proteins were identified from
the pooled fractions with 91 having greater abundance in the sec6-4 mutant lines. Many of
the most highly differentially expressed proteins were cell wall associated and plasma
membrane transporters all of which were likely cargo proteins. The analysis also identified
many vesicle proteins which included SNAREs, GTPases, protein glycosylation components
and V-ATPase complex components (Forsmark et al., 2011).

While there has been significant interest in plant cell wall biosynthesis for the past decade,
only two studies have used proteomics to explore density enriched Golgi fractions from
plants. The absence of many studies likely reflects the reported difficulties in isolating Golgi
membranes from plants. With this problem in mind, one of the first attempts employed a
rice suspension cell culture expressing a cis-Golgi marker (355::GFP-SYP31 construct) in an
attempt to characterize enriched fractions from discontinuous sucrose density gradient
(Asakura et al., 2006). The enrichment procedure utilized sequential discontinuous sucrose
gradients on a microsomal fraction to greatly enrich membranes containing the 35S::GFP-
SYP31 construct. The technique also employed the addition of MgCl, which had previously
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been shown to separate distinct Golgi compartments (Mikami et al., 2001). Twice purified
Golgi membranes were arrayed by both 1-DE and 2-DE, but the 2-DE arrays yielded few
identifications. Protein bands from 1-DE were excised and analyzed by MALDI-TOF MS. A
total of 63 proteins were identified with 70% containing predicted transmembrane domains.
A variety of Golgi proteins were identified including COP complex components, GTPases,
Rab proteins, an EMP70 and phospholipase D (Asakura et al., 2006). Very little is known
about the role of the Golgi apparatus in secondary cell wall formation in plants due to
considerable technical issues in sample preparation. Recently, an analysis of membrane
enriched fractions from developing compression wood of Pinus radiata has attempted to
address this shortage in knowledge (Mast et al., 2010). Microsomal fractions were enriched
from compression wood homogenates using discontinuous gradients with maximal Golgi
marker activity found at the 8/27% interface. Fractions were further extracted using a TX-
114 Triton phase separation technique in order to remove contaminating proteins (e.g.,
actin). Samples were analyzed using nanoLC-MS/MS by linear iontrap (LTQ). A total of 175
proteins were identified, 66 in the aqueous phase and 103 in the detergent phase. Only a
handful of proteins were confidently allocated to the Golgi apparatus after functional
annotations, further highlighting the inherent difficulties in working with this tissue. These
included laccases, cellulose synthases and a xylosyltransferase (Mast et al., 2010).

3. Immunoaffinity purification of Golgi

The immunoaffinity purification (IP) of organelles has been a widely used technique for
decades. Since the approach relies on the presence of differential epitopes rather than
differences in physical parameters it is highly amenable for isolating functionally distinct
subcellular organelles (Richardson & Luzio, 1986). This approach is often combined with
sucrose gradient fractionation. The use of IP and proteomics to isolate and characterize
subcellular compartments of the secretory system has been most effectively applied in
animal systems. Early approaches investigating Golgi immunoisolation employed baby
hamster kidney (BHK) cells infected with mutant vesicular stomatitis virus (VSV). After
temperature induction the viral G protein accumulates at the trans-Golgi network (TGN)
serving as bait for the immunoisolation of the corresponding compartment. Immunoisolated
TGN was visualized with TEM confirming its structural integrity. Several polypeptides
were enriched in the isolated fraction (de Curtis et al., 1988).

An early study which highlighted future approaches, Hobman et al., (1998) successfully
used IP to identify ER exit sites in BHK cells. This study used the Rubella virus E1
glycoprotein, which normally localizes in a subset of Smooth ER (SER) and does not overlap
with COPI coated ER. Tubular networks of SER were separated by cell fractionation,
followed by immunoisolation using Dynabeads coated with an antibody against epitope
tagged El. Using electron microscopy, the authors demonstrated that the isolated
membrane structures were distinguished from COPI coated ER. Western blot analysis
against known markers identified the presence of proteins in this compartment and
included ER-Golgi intermediate and transitional ER markers. These results indicated that
this tubular distinct subdomain of SER provides the site for COPII vesicle biogenesis. A
further early study demonstrating the viability of the approach used antibody-conjugated
magnetic beads facilitating the isolation of peroxisomes from rat liver (Kikuchi et al., 2004).
Peroxisomes separated by cell fractionation were further isolated with an antibody against
PMP70 (70-kDa peroxisomal membrane protein). Proteomic analysis was carried out, using
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in gel digestion and LC-MS/MS was accommodated in a hybrid type-Q-TOF mass
spectrometer. The proteome contained 34 known peroxisomal proteins and a minor number
of mitochondrial proteins. Two unknown proteins were added to the peroxisomal proteome
by this study; a Lon protease and a bi-functional protein consisting of an aminoglycoside
phosphotransferase-domain.

The application of IP followed by protein identification through mass spectrometry
addressing the proteome of the secretory components was first undertaken to examine the
ER-Golgi intermediate compartments or ERGIC of humans (Breuza et al, 2004). The
approach used the drug Brefeldin A to cause an over accumulation of ERGIC clusters in
human HepG2 cells. The post nuclear supernatant was loaded onto a linear 13-29%
Nycodenz gradient and fractions enriched for the ERGIC-53 marker pooled. Dynabeads
coupled to KDEL receptor monoclonal antibodies were used to IP the ERGIC membranes.
Samples were arrayed by 1-DE and protein bands analyzed by MALDI-TOF MS. A total of
19 proteins were identified including ERGIC-53, the KDEL receptor, SEC22b, cargo
receptors and membrane trafficking components.

The use of IP on recombinant lines expressing specific epitopes was first undertaken in yeast
(Inadome et al., 2005). Strains expressing recombinant SNARE proteins Mycs-sed5 and
Myecs-Tlg2 were employed to isolate vesicles associated with early (sed5) and late (Tlg2)
Golgi compartments. Since recombinant Myc tagged proteins are employed the IP does not
require protein specific antibodies. The approach utilized the supernatant from a 100,000g
centrifugation step to purify both Mycs-sed5 and Mycs-Tlg2 vesicles using an anti-Myc
monoclonal antibody. Vesicles were affinity purified from each strain using Protein A-
Sepharaose beads and resultant proteins arrayed by 1-DE. Protein bands were excised and
analyzed by MALDI-TOF MS. A total of 29 proteins were identified from the Sed5 vesicles
and 32 proteins from the TIg2 vesicles. Both proteomes contained large proportions of
known Golgi proteins including Rab GTPases, SNAREs, mannosyltransferases, V-ATPase
proteins (Inadome et al., 2005). Interestingly a number of proteins were identified
exclusively in the either the early Sed5 vesicles, namely COPII components involved in
transport from ER to Golgi and mannosyltransferases involved in protein glycosylation.
This fraction included a protein of unknown function (svp26) that was shown to be involved
in retention of membrane proteins in early Golgi compartments. Similarly, in the late vesicle
Tgl2 proteome, a significant number of proteins with no known function were identified.
Isolation of synaptic vesicles by immunopurification from mammalian systems is a well-
developed procedure (Morciano et al., 2005; Burre et al., 2007). Due to the dynamic nature of
synaptic vesicle trafficking, it has been challenging to isolate synaptic vesicles from their
corresponding plasma membrane with conventional vesicle isolation techniques.
Consequently an IP approach was employed on samples from rat brains and enabled the
identification of several proteins that might be involved in the regulation of
neurotransmitter release and the structural dynamics of the nerve terminal (Morciano et al.,
2005). Synaptic vesicles were isolated from two synaptosomal enriched sucrose fractions,
followed by IP with Dynabeads covered with antibodies against synaptic vesicle protein 2
(SV2). The isolated proteins were separated by BAC/SDS-PAGE and identified by MALDI-
TOF MS. The free vesicle fraction contained 72 proteins while 81 were identified in the
plasma membrane containing, denser fraction. Although many proteins, involved in vesicle
trafficking and tethering were identified in both fractions, several proteins were specific to
one fraction. For example, several isoforms of Rab2, Rab3, Rab11, Rab14 were only found in
the free vesicles. The PM associated fractions contained several proteins that could modulate
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presynaptic function, including GTPases and Na+/K+-ATPases, which are potentially
associated with the plasma membrane. Several physicochemical conditions were evaluated
to enrich low abundant proteins (Burre et al., 2007), among these the addition of SB/DTT or
NP40 showed that it can improve the efficacy of protein elution from the magnetic beads.
Moreover, the use of phase separation can divide proteins according to their
hydrophobicity, resulting in the isolation of more integral membrane proteins.

The selection of bait proteins might be a crucial prerequisite for specific vesicle
immunoisolation. Motor proteins could be excellent baits for dissecting a subset of post-Golgi
membrane compartments. Recently, a kinesin motor, calsyntenin-1, has been successfully used
to identify its cargo vesicles from neuronal axon in mouse brain (Steuble et al., 2010). This
study involved IP from two distinct subfractionated organelle populations, using Dynabeads
coupled with anti-calsyntenin antibodies. Solubilized proteins were analyzed by LTQ-ICR-FT
MS. This approach allowed the identification of endosomes that contained calsyntenin-1 and
identification of their specific resident proteins. A combination of biochemical analysis and
immunocytochemistry lead to a model of two distinct, non-overlapping endosomal
populations of calsyntenin-1. An early endosome population, containing f-amyloid precursor
protein (APP) and second, a APP negative, recycling endosomal population.

In contrast with the studies in animal and microbial systems only one pioneering study has
been undertaken in plants (Drakakaki et al., 2011). The SYP61 TGN and early endosome
compartment was isolated, employing an IP approach from SYP61-CFP transgenic
Arabidopsis plants (Fig. 3). This involved a two-step procedure, comprising sucrose
gradient fractionation followed by IP using agarose beads coupled with antibodies against
GFP, facilitating the SYP61 compartment isolation. In total, 145 proteins were identified by
MudPIT nano-LC MS/MS. These include the SYP61 SNARE complex and its regulatory
proteins (SYP41, VTI12, and VPS45), GTPases and proteins involved in vesicle trafficking.
Other SYP4 members such as SYP43 were also found in the SYP61 vesicle proteome,
establishing new protein association with SYP61. Several proteins of unknown function,

Fig. 3. Schematic representation of vesicle immunoisolation. A). Subcellular localization of
SYP61-CFP in transgenic Arabidopsis root cells. Arrows indicate SYP61-CFP vesicles. Scale
bar = 10um. B). Diagram of vesicle IP. Vesicles or compartments are isolated from cell lysate
with the aid of an antibody against a target protein. Compartments are not to scale. B:
Protein A-Agarose bead; A: GFP antibody; G: Golgi apparatus; S: SYP61 containing vesicles;
L: cell lysates, V:vacuole.
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such as ECHIDNA were included providing the opportunity of new cargo identification.
Plasma membrane associated proteins such as the SYP121-complex and members of the
cellulose synthase family were also present. These findings suggested a role of SYP61 in
exocytic trafficking and possibly in transporting of cell wall components.

Immunoisolation of TGN vesicles can not only facilitate the identification of its proteome
but also other components. A recent study in yeast has analyzed the lipid profile of TGN
vesicles transporting a transmembrane raft protein. It demonstrated that the isolated
compartment was selectively enriched with ergosterol and sphingolipid, thus providing
evidence that TGN can sort membrane lipids (Klemm et al., 2009). As more different
subcompartments of Golgi are purified, we will gain greater insights into the nature of the
sorted components and their transported cargo.

4. Subcellular correlation analysis of Golgi from complex lysates

For proteomic analysis of an isolated organelle, it is critical that the sample is of high purity
to minimize the inclusion of contaminant proteins. If the organelle sample is only partially
enriched, far greater scrutiny is required to confidently differentiate between proteins that
genuinely reside in the organelle and contaminants. Highly purified samples are relatively
straightforward to obtain for proteomic analyses of mitochondria (Sickmann et al., 2003;
Taylor et al., 2003; Heazlewood et al., 2004), chloroplasts (Friso et al., 2004; Kleffmann et al.,
2004) and nuclei (Bae et al., 2003; Turck et al., 2004; Mosley et al., 2009), mainly through the
use of differential centrifugation techniques. However, obtaining pure organelles of the
endomembrane system such as the Golgi, endoplasmic reticulum (ER) and plasma
membrane is difficult as they are highly interconnected and are of similar sizes and densities
(Wu et al, 2004; Hanton et al, 2005). To avoid the task of having to isolate pure
endomembrane system organelles, several groups have instead developed techniques to
analyze multiple subcellular compartments simultaneously with crude organelle samples.
One such technique is the localization of organelle proteins by isotope tagging (LOPIT),
where organelles are partially separated by equilibration centrifugation in a self-forming
iodixanol density gradient (Dunkley et al.,, 2004; Sadowski et al., 2006; Lilley & Dunkley,
2008). Protein distribution patterns are quantified by differential isotope tagging of proteins
across organelle fractions with LC-MS/MS on a Q-TOF instrument. Finally, multivariate
analysis of isotopically-tagged peptide fragment ion data is used to correlate proteins with
similar density gradient ion distributions with that of known organelle marker proteins to
determine their subcellular location.

The first LOPIT study was performed on twelve crude membrane fractions from
Arabidopsis callus culture that were selectively tagged with light or heavy isotope-coded
affinity tags (ICATs) (Dunkley et al., 2004). ICATs are chemical probes containing 1) a
reactive group targeting free cysteine residues, 2) an isotopically coded linker to distinguish
between heavy (deuterium or 3C) and light tags (protons or 12C) and 3) an affinity tag such
as biotin or avidin to capture the labeled peptide or protein (Gygi et al., 1999). The twelve
membrane fractions were organized into six pair-wise comparisons of ICAT light- and
heavy-tagged fractions. The six ICAT protein sample pairs were pooled, digested with
trypsin and the ICAT-labeled peptides were avidin-affinity purified and analyzed by LC-
MS/MS (Q-TOF). Multivariate analysis of LC-MS/MS data determined the relative
abundances of 170 identified Arabidopsis proteins. Of these, a subset of 28 known or
predicted Arabidopsis organelle marker proteins were used by multivariate analysis to
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highlight the clear separation between the known and predicted Golgi- and ER-localized
protein clusters. Significantly a number of cell wall biosynthetic enzymes were identified
including a number of glycosyltransferases. This confirmed LOPIT as a valid method for
discriminating between Golgi- and ER-localized proteins from Arabidopsis crude
membrane fractions (Dunkley et al.,, 2004). Further development of the LOPIT technique
replaced ICAT with isotope tagging of Arabidopsis membrane peptide fractions for both
relative and absolute protein quantitation iTRAQ) (Dunkley et al., 2006) (Fig. 4). The iTRAQ
method is a progression of ICAT by labeling the free primary amines of peptides with four
different iTRAQ reporter tags (114, 115, 116 and 117 m/z). They are detectable by MS/MS,
which allows for simultaneous quantification analysis of up to four peptide samples (Wiese
et al., 2007). Arabidopsis membrane peptide fractions were differentially tagged with the
four iTRAQ reporters, fractionated and analyzed by MudPIT and Q-TOF MS. The addition
of SCX to RP LC-MS/MS provided superior peptide separation and identification, resulting
in 689 Arabidopsis protein identifications. Multivariate analysis of iTRAQ-labeled MS/MS
data revealed 89 proteins in the Golgi density gradient cluster. This more extensive analysis
further validated the approach as further cell wall biosynthetic enzymes such as
glycosyltransferases and sugar interconverting enzymes were identified as well as
transporters, V-ATPase components and a variety of proteins with likely Golgi functions
(Dunkley et al., 2006). This was a significant improvement on the initial LOPIT set of ten
Arabidopsis Golgi-localized proteins by ICAT and LC-MS/MS (Dunkley et al., 2004).

To test its robustness in other biological system, LOPIT was used to investigate the
subcellular distribution of proteins from Drosophila embryos. A total of 329 Drosophila
proteins were identified and localized to three subcellular locations; the plasma membrane
(94), mitochondria (67) and the ER/Golgi (168) (Tan et al., 2009). The lack of distinction
between ER- and Golgi-residing Drosophila proteins by LOPIT underscored the significant
challenges faced when dissecting complex and heterogeneous biological samples, as
opposed to a simplified system of crude membranes from a relatively homogenous
Arabidopsis cell culture.

A similar strategy to LOPIT but employing label-free quantitation techniques is protein
correlation profiling (PCP). PCP uses quantitation of unmodified peptide ions by MS to
bypass the chemical modification step in ICAT and iTRAQ, which results in less
complicated MS/MS spectra and higher confidence in peptide identifications (Andersen et
al., 2003; Foster et al., 2006). However, it is heavily reliant on invariable conditions in 2D LC-
MS/MS for reproducible quantitation between samples. Proof of concept for PCP was first
demonstrated with purified human centrosomes (Andersen et al., 2003) and in the cellular
context with sucrose density gradient separations of mouse liver homogenate (Foster et al.,
2006). A total of 1,404 mouse liver proteins were identified by 2D LC-MS/MS (LTQ-FT) and
their MS ion distribution profiles were mapped by PCP to ten different subcellular locations.
These results were corroborated with MS ion distribution profiles and enzymatic assays of
known organelle marker proteins and immunofluorescence staining of mouse liver cells for
visual confirmation of select proteins with overlapping or non-overlapping PCPs. While this
study reported rates of 61 to 93% overlap from comparing its mitochondrial-localized
protein set with previous human and mouse mitochondrial proteomes, the rates of overlap
were considerably lower for proteins localized to the plasma membrane (49%) and Golgi
(36%). Nonetheless, they made significant inroads in characterizing the mouse Golgi
proteome and identified a series of Rab proteins, mannosyltransferases, COP components,
transporters and a diverse range of transferases (Foster et al., 2006).
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Fig. 4. Outline of the LOPIT technique using crude cellular extracts. LOPIT employs
centrifugation of a self-forming iodixanol density gradient to partially resolve organelle
fractions. Western blotting of the fractions for known Golgi and ER marker proteins show
that in most cases, there is overlap between them. A series of four protein fractions are
digested with trypsin and treated with iTRAQ reagents containing the labels 114, 115, 116 or
117m/z and pooled for LC-MS/MS analysis. lon intensity measurements of the iTRAQ
reporter ion fragments 114 to 117 m/z providing the basis of protein quantitation with
simultaneous analysis of the major b, y and other fragment ions for protein identification.

The introductions of LOPIT and related organelle purification-free methods were intended
to address the issue of separating Golgi from other endomembrane system components, but
this still remains rather difficult to achieve with complex biological systems. Refining these
methods by optimizing density gradient conditions to enhance the resolution of Golgi, along
with continuing development of multivariate techniques are seen as pivotal to expand the

set of genuine Golgi-residing proteins in semi-purified samples (Foster et al., 2006; Trotter et
al., 2010).
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5. Free flow electrophoresis (FFE) purification of Golgi

Free Flow Electrophoresis, though 50 years old has adapted well to contemporary research
fields, recently filling a particular niche in subcellular proteomics, in combination with mass
spectrometry. This section explores the role of FFE in isolation of the Golgi apparatus from
plant and mammalian tissues. Essentially, an electric field is applied perpendicular to a
sample as it moves up a separation chamber in a liquid medium. Subcellular components
are therefore separated according to surface charge and organelle streams collected as 96
fractions (Fig. 5). Hydrodynamic stability of the liquid is crucial; convection currents arising
from localized joule heating can disrupt organelle streams. Apparatus design has
consistently advanced along with the fields to which FFE has been applied. MicroFFE
apparatus designs (Turgeon & Bowser, 2009) have overcome some of the imperfections
inherent in the technique. Entirely liquid phase and continuous, FFE is appropriate for large
scale, preparative fractionation of cells, organelles, proteins and peptides. The apparatus can
be operated in two modes: zonal electrophoresis (ZE), or isoelectric focusing (IEF) mode.
ZE-FFE is becoming recognized for its impressive separation and purification capacity of
plant, mammalian and yeast organelles (reviewed by Islinger et al., 2010).

The first use of FFE for Golgi was applied to mammalian Golgi membranes and lead to
separation of sub-Golgi compartments, demonstrated by a series of enzyme assays
(Hartelschenk et al., 1991). However, this was prior to the proteomic era and was never

96 well plate
U O W
1 \ | i
: \III". III'.I \ | i f‘_\
I \;‘\ 1 II | | i I|||
: '.|"|. llll I||| | : .
op | H®
1 E|mrq'§ ﬁ;m : E
: : R $ E
AR B :
| £ ' B
i E |E ﬁ
! £ |11 ]
I I w
I [
] |-=
I [ J
I [
I I
I I
I I y
| 'l‘ y 100 mm /Hqi\&
trtt 1ttt o
Carrier buffers in .J,LHM-. nlat °

Fig. 5. A schematic diagram of a large scale FFE setup with dimensions shown on the right.
The diagram outlines a late commercially model available through BD Diagnostics, with
counter flow at sample outlets and stabilization buffers at the extreme anodic and cathodic
carrier buffer inlets (Islinger et al., 2010). MicroFFE apparatus are similar with 56.5 mm x35
mm x 30 mm dimensions (Turgeon & Bowser, 2009).
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revisited with modern mass spectrometry tools. Plant homogenates were first subjected to
FFE some decades ago (Kappler et al., 1986, Sandelius et al., 1986; Bardy et al., 1998) but
these first forays demonstrated little potential for Golgi isolation. With plant Golgi
antibodies then, as now, commercially unavailable, enzyme assays were the primary means
of determining fraction composition. Profiling by enzyme assays was not sufficiently precise
or efficient for tracking lower-abundance Golgi proteins amidst a relatively complex
background of contaminants, although the distribution of enzyme activities reported by
(Sandelius et al., 1986) are broadly consistent with later proteomic analyses.

The first isolation of plant Golgi membranes has depended on both FFE and proteomic
advances (Parsons and Heazlewood, unpublished data). Semi-high throughput mass
spectrometry was used to track the electrophoretic migration of Golgi membranes. The
proteins identified in individual fractions were matched against markers protein lists for
each subcellular location, including the cytosol, compiled from SUBA, the SUBcellular
Arabidopsis database (Heazlewood et al., 2007). This allowed simultaneous monitoring of
over 50 proteins in most fractions without recourse to antibodies or enzyme assays. Overlaid
on the total protein output for all 96 fractions, marker lists revealed a detailed picture of
organelle migration (Fig. 6). Once the shoulder peak corresponding to the purest Golgi
fractions had been identified, parameters could be fine tuned, exploiting the
electronegativity of Golgi vesicles and enhancing the cathodic migration of this area relative
to the main protein peak. Total protein output from this targeted Golgi purification study
showed a broader main protein peak and a prominent shoulder on the cathodic edge when
compared to earlier studies on plant homogenates (Kappler et al., 1986; Bardy et al., 1998).
Careful balancing of the carrier buffer flow rate to voltage ratio maximized the separation
range of organelles whilst organelle streams remained focussed. Cathodic migration
increased with voltage but was limited by increasing the flow rate as exposure time to the
electric field was shorter. Lateral diffusion of organelle streams dictated the lower flow rate
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Fig. 6. Golgi membrane migration profile after FFE separation. A portion of the total protein
output, measured at 280 nm (fractions 1 to 48) is shown. Around 50 proteins were identified
in each fraction scanned using semi-high throughput LC-MS/MS. Overlaid are matches
from marker protein lists compiled from the SUBA subcellular database and the ~50
identified proteins from each fraction. Many glycosyltransferases are located in the Golgi
and were used as a further guide for Golgi membrane migration.
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limit. Golgi fractions with minimal contamination were identified through continued
monitoring and selected for detailed proteomic characterization (Parsons and Heazlewood,
unpublished data).

The application of FFE, mass spectrometry and proteomic data as tools for Golgi isolation
and characterization marked a precedent for plant Golgi proteomics. Previously, relatively
few plant Golgi proteins had been identified by proteomic techniques (Dunkley et al., 2006).
The application of FFE to isolate high purity Golgi fractions resulted in a Golgi proteome of
425 proteins identified in at least two of three biological replicates. This included over 50
glycosyltransferases, 25 transporters, the entire V-ATPase complex, a variety of trafficking
components, methyltransferases and acetyltransferases (Parsons and Heazlewood,
unpublished data). While proteins identified in a single preparation were excluded from the
final proteome, they nevertheless present a useful resource for functional analysis of the
plant Golgi apparatus. With so little Golgi proteomic data resources, common contaminants
originating from the Golgi in other proteomes were difficult to identify. This therefore
represents both significant progress in our potential to understand Golgi processes and
consolidation of the current state of subcellular protein localization in plants. As an example
the ectoapyrase protein APY1 is currently classified as a plasma membrane protein involved
in extracellular signaling through the hydrolysis of phosphate from ATP (Wu et al., 2007).
The APY1 protein was identified in all three replicates and YFP tagging confirmed its Golgi
localization. Heterologous expression of this protein in the yeast nucleoside diphosphatase
(NDPase) mutant gdal, rescued the glycosylation phenotype in this mutant, thus
functionally characterizing the APY1 protein as a Golgi-resident NDPase (Parsons and
Heazlewood, unpublished data). Since most glycosylation occurs in the Golgi, the APY1
protein represents a resident and functional Golgi protein, rather than a transitory plasma
membrane localized protein. Furthermore, plasma membrane and Golgi compartments are
easily separated using FFE (Bardy et al., 1998) with Golgi and ER compartments partially
separated (Fig. 6). Thus, selectively pre-enriching organelles and tailoring FFE parameters
for maximal separation has considerable potential in distinguishing between resident and
transitory proteins in the secretory system. Some proteins observed after FFE purification of
the plasma membrane were present in all three Golgi preparations and can be readily
classified as ‘transient proteins’ rather than contaminants (Parsons and Heazlewood,
unpublished data).

Given the success achieving high purity fractions (Taylor et al, 1997a) and sub-
compartmental resolution of Golgi structures (Hartelschenk et al., 1991), it is surprising that
a corresponding proteomic study has not been undertaken in rats. FFE was foremost
amongst techniques compared for purification of mouse mitochondria (Hartwig et al., 2009)
whilst impressive results were achieved after separating populations of PM vesicles
(Cutillas et al., 2005), suggests that FFE still has much to contribute to both Golgi and other
subcellular proteomes. In Arabidopsis, the Golgi proteome was characterized from only two
to three fractions out of approximately 15 fractions over which Golgi proteins were detected.
Further studies suggested this reflects medial to trans-Golgi separation (Parsons and
Heazlewood, unpublished data). Could FFE separate the remainder of the Golgi from
contaminating membranes or even Golgi sub-compartments? Chemical modification of
Golgi compartments holds some promise; addition of ATP was found to enhance migration
of membrane compartments towards the cathode (Barkla et al., 2007). Unfortunately no
mass spectrometry was undertaken in this study. A low ionic strength two-component
buffer system permits separation at lower currents, reducing convection from joule heating,
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as could the use of microFFE setups, enhancing sub-compartment separation. FFE has
already enhanced our knowledge of Golgi proteomics but its role is clearly far from over
and there is much potential for further advances using FFE.

6. Comparative analysis of the Golgi proteomes

The characterization of the Golgi apparatus and associated secretory components by mass
spectrometry has been undertaken on a range of species. While most of these organisms
represent model systems with extensive genetic resources and well annotated genomes,
analyses have been undertaken in less tractable systems, namely pine trees (Mast et al.,
2010). Nonetheless, with the exception of work undertaken in rat, only a handful of
analyses have focused on the proteomic characterization of the Golgi and its associated
membranes from model systems. This is in contrast to the extensive series of proteomic
studies undertaken on organelles from many of these systems. For example, in the model
plant Arabidopsis over ten separate proteomic analyses have been undertaken on plasma
membrane fractions, six studies on mitochondria and eight analyses of the plastid
(Heazlewood et al., 2007). These facts further highlight the technical challenges when
attempting to isolate high purity Golgi fractions and associated structures, even from well
studied model systems. Overall, searches of the literature were able to identify over
twenty separate studies that have employed proteomics techniques to address the
characterization of the Golgi apparatus and associated secretory components. These
studies have been undertaken using a diverse collection of isolation and enrichment
techniques over the past decade and have employed a range of proteomics approaches
including 2-DE (Taylor et al., 1997b; Morciano et al., 2005), 1-DE (Peng et al., 2008), iTRAQ
(Dunkley et al., 2006), spectral counting (Foster et al., 2006) and MudPIT (Wu et al., 2004).
These studies also covered the range of protein identification methods namely Peptide
Mass Fingerprinting (Morciano et al., 2005), Edman degradation (Bell et al., 2001) and
MS/MS (Gilchrist et al., 2006).

The protein identifications outlined in these works were extracted from the published
manuscripts and online supplementary material to produce a collection of proteins
identified in each study. Protein sequences were obtained from GenBank or UniProt for each
accession and consolidated at the species level using BLAST analysis tool against minimally
redundant protein sets where available. These comprised the International Protein Index
(Kersey et al., 2004) for human, mouse, rat and bovine, The Arabidopsis Information
Resource (Swarbreck et al., 2008) for Arabidopsis, the Saccharomyces Genome Database
(Cherry et al., 1997) for yeast, FlyBase (Tweedie et al., 2009) for Drosophila and the Rice
Genome Annotation Project (Ouyang et al., 2007) for rice. This enabled the classification of
the total number of proteins identified from the Golgi apparatus and associated membranes
based on each isolation method and by each species (Table 1). Finally, the total number of
non-redundant proteins currently assigned to the Golgi apparatus and associated
membrane components for each species could also be ascertained (Table 1). Where possible,
we relied on annotation information and classifications outlined in each manuscript to
determine whether a protein should be included in the final lists. This included early
endosome, secretory and unknowns (when efforts to classify contaminants had been
undertaken). The largest number of proteins assigned to the Golgi of any one species is that
of rat. This reflects the number of individual studies and the fact that this represented the
major system used to study the Golgi proteome for a number of years.
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Species Density Immuno- Free Flow Correlation  Total
centrifugation affinity Electrophoresis ~ Analysis

Pine 10 10
Human 24 18
Rice 49 43
Drosophila 168 168
Bovine 252 238
Yeast 241 52 276
Mouse 2711a 56 490 428
Arabidopsis 145 425 92 534
Rat 1117 57 996

Table 1. The total number of proteins, by species and technique, currently identified by
proteomic approaches from the Golgi apparatus and associated membrane systems. aThe
analysis of mouse microsomes by density centrifugation (Kislinger et al., 2006) has not been
included in the final total for this species as it represents a crude microsomal fraction.

The set of non-redundant protein sequences compiled from the proteomic analyses of the
Golgi were assembled for cross species orthology analysis. In order to remove identical
genes and splice variants, these sequences were first clustered at 95% sequence identity and
only one representative from each cluster carried over for subsequent analysis. Following
this, the sequences were clustered at 30% identity. All clustering was performed with the
program uCLUST (Edgar, 2010). A protein was mapped to an ortholog of another species if
at least one representative of that species was present in the same cluster. Proteins were
considered paralogs when two or more sequences from the same species were present in a
cluster in which sequences from no other species were present (Fig. 7)

After homology matching, a number of gene families were found across the Golgi
proteomes of most species. These included Rab GTPases, heat-shock proteins, alpha-
mannosidases, thioredoxins, and cyclophilins. Apart from the Rab GTPases, which mediate
vesicle trafficking, the other families are involved in protein folding and protein
glycosylation. There were a number of large clusters containing only Arabidopsis genes and
these clusters were contained glycosyltransferases associated with synthesis of the plant cell
wall (Scheller & Ulvskov, 2010). In addition, there was a cluster of pine sequences
containing laccases, which may be associated with the synthesis of lignin in woody tissue
(Ranocha et al., 2002). In general, when only a few proteins had been reported in a species,
those proteins were more likely to have orthologs in the other species in the set. This
suggests that the most easily detected proteins in proteomics studies are abundant proteins
involved in core Golgi-related functions that have not diverged as greatly over evolutionary
history as the less abundant and harder to find proteins.
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Fig. 7. Orthology interaction map of the non-redundant Golgi proteome sets. The size of the
species circle indicates the number of proteins identified in the Golgi proteome of that
species. The pink shading indicates the number of paralogs for a given species. The lines
indicate orthology connections between the species with the thickness indicating the
number of proteins. The Scale refers to the number of proteins represented by the thickness
of the line.

7. Conclusion

The characterization of the Golgi proteome from various systems represents an important
technical and biological achievement. Its central role within the cell in functions ranging
from cell wall biosynthesis to protein glycosylation to secretion is of significant importance.
Knowledge about these functions contributes to both our fundamental understanding of
complex eukaryotic systems to their exploitation in areas of biofuels (cell wall manipulation)
and agriculture (milk production). While there is clearly more basic knowledge required to
understand the functionally complex roles of the Golgi apparatus, advances made by work
outlined in this chapter demonstrate that the first decade of proteomics has been fruitful and
improvements to isolation and analysis methods are promising for the field going forward.
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1. Introduction

Species belonging to the genus Thunnus are pelagic predator fishes, commonly known as
tuna. The species within this genus are of commercial value, and six of them are considered
the most valued in world trade (D.M., MIPAAF, 31 Gennaio 2008). Thunnus species originate
from a variety of geographic areas, and for this reason the different species can be
characterized by the presence of different biological contaminants and sensory
characteristics. The species Thunnus thynnus has a higher quality and commercial value due
to its excellent organoleptic features.

Tuna species are usually consumed as fillets or processed products. The loss of the external
anatomical and morphological features makes the authentication of a fish species difficult or
impossible and enables fraudulent substitutions (Marko et al., 2004). Species substitution is
very common in fish products, due to the profits resulting from the use of less expensive
species. For species of tuna, substitutions have both commercial and health implications
(Agusa et al., 2005; Besada et al., 2006; Storelli et al., 2010), thus, analytical techniques to
differentiate fish species are essential. The development of suitable analytical methods for
fish species identification in prepared and transformed fish products is of great interest to
enforcement agencies involved with labelling regulations and the authentication of fish in
various products to prevent the substitution of fish species (Mackie et al., 2000; Meyer et al.,
1995).

Several biochemical techniques enable the study and identification of fillet or minced fish
species. Among these methods, isoelectric focusing (IEF) (Etienne et al., 2000; Rehbein et al.,
2000; Renon et al, 2001;), capillary zone electrophoresis (Acufia et al., 2008), and
amplification of selected DNA sequences by the polymerase chain reaction (PCR) have been
used for the identification of certain groups of fish species (Espineira et al., 2008; Hubalkova
et al., 2008; Pepe et al., 2005, 2007; Trotta et al., 2005).

Presently, PCR is the most frequently used technique, as DNA is heat-stable and resistant to
heat treatments that may be applied to the tuna during processing. However, obtaining an
accurate species identification is very difficult if the species show a high degree of homology
as Thunnus does (Chow & Kishino, 1995; Lopez & Pardo, 2005; Michelini et al., 2007; Pardo
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& Begona, 2004; Terio et al., 2010; Vinas & Tudela, 2009). The sequences usually used as
species molecular markers are the DNA mitochondrial fragments especially cytochome b (cyt
b) genes and the ribosomal 165 and 12S subunits (Kochzius et al., 2010; Russo et al., 1996;
Zehner et al., 1998). Previous studies demonstrated that these molecular markers are not
discriminating for Thunnus species, because they have few polymorphisms expressed by
point mutations (Bottero et al., 2007).

EU Commission Regulation no. 2065/2001 of 22 October 2001 has established detailed rules
for consumer information to be included on labels regarding fish species. Accordingly, it is
also necessary to develop new methods to prevent illegal species substitutions in seafood
products (EC No 2065/2001). Proteins are playing an increasing role in the international
scientific community and proteomics, the large-scale analysis of proteins expressed by a cell
or a tissue contributes greatly to the study of gene function (Pandey & Mann, 2000).
Recently, proteomics has been applied in the fishing industry with several aims, e.g., to
examine the water-soluble muscle proteins from farm and wild fish to show aquaculture
effects on seafood quality (Monti et al., 2005) or to elucidate the influence of internal organ
colonization by Moraxella sp. in internal organs of Sparus aurata (Addis et al., 2010).
Proteomics has also been considered as a tool for species identification in seafood products
with interesting results (Carrera et al., 2006, 2007; Chen et al., 2004; Lépez et al., 2002;
Pifieiro et al., 1999, 2001).

The aim of this chapter is to examine the potential of proteomics to identify four tuna
species through characterisation of specific sarcoplasmic proteins. We investigated T.
albacares, T. alalunga, and T. obesus two dimensional gel electrophesis (2-DE) patterns and
also verified the presence of specie-specific proteins for these tuna species. Muscle extracts
from four tuna species of the genus Thunnus (T. thynnus, T. alalunga, T. albacares, T. obesus)
were evaluated by both mono and 2-DE and mass spectrometric techniques. In preliminary
results (Pepe et al., 2010), proteomics was applied for the identification of a species-specific
protein in T. thynnus by 2-DE profiles. The analysis of two dimensional gels by
ImageMaster™ 2D Platinum software revealed the presence of a protein with a molecular
weight of approximately 70 kDa in the T. thynnus' 2-DE pattern, which was absent in the
other species. This protein, identified as Trioso fosfato isomerasi (gi46909469) through mass
spectrometric techniques might be considered a specific marker. The aim of this chapter was
to investigate T. albacares, T. alalunga, and T. obesus 2- DE patterns and verify the presence of
species-specific proteins for these tuna species.

2. Materials and methods

2.1 Fish samples

In this study, a total of four different tuna species were tested, with three specimens from
each species. The whole tuna specimens were identified, according to their anatomical and
morphological features, as belonging to T. thynnus, T. alalunga, T. albacores, and T. obesus
species at the Department of Animal Science and Food Inspection, University of Naples,
"Federico II". T. thynnus and T. alalunga specimens were fished in the Mediterranean Sea and
supplied by “Pozzuoli fish market”, T. albacares specimens were fished in the Indian Ocean
and supplied by Salerno P.LF. (Posto di Ispezione Frontaliera), and T. obesus specimens were
fished in the South East Atlantic Ocean and were obtained from Philadelphia, Pennsylvania,
United States. Fish were frozen on board at - 20 ° C and shipped in insulated boxes to the
laboratory. Tuna muscle samples were taken and stored at -80 °C for further analysis.
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2.2 Extraction of sarcoplasmic proteins

Raw muscle tissue (3 g) was dipped in 6 mL of 10 mM Tris-HCl buffer at 4 ° C, pH 7.2,
supplemented with 5 mM PMSF (phenylmethanesulfonylfluoride). Samples were minced
with an "Ultra-turrax" at 4 ° C, for 30 s at 15,000 g to obtain a homogeneus sample of water-
soluble proteins. Minced tissues were centrifuged at 15,000 g at 4 ° C for 20 min. The
supernatants were then recovered and filtered using Ultrafree CL (0.22 um) filters, and
stored at -20 ° C until analysis by electrophoresis (Carrera et al., 2007). The efficacy and the
reproducibility of the extraction protocol of sarcoplasmic proteins was evaluated using T.
alalunga. The extraction protocol was carried out in triplicate and further checked for quality
and quantity by SDS-PAGE.

2.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Protein concentration was measured by the Bradford method (Bradford, 1976) using bovine
serum albumin as the standard. Proteins (50 pg) were separated on a 12.5% (w/w)
polyacrylamide gel at 25 mA/gel constant current. Gels were stained for 50 min with
Coomassie Brilliant Blue R-250 and destained with MilliQ grade water.

2.4 Two dimensional electrophoresis (2-DE)

The first dimensional electrophoresis (isoelectric focusing, IEF) was carried out on non-
linear wide-range immobilized pH gradients (pH 3-10; 7 cm long IPG strips; GE
Healthcare, Uppsala, Sweden) using the Ettan IPGphor system (GE Healthcare, Uppsala,
Sweden). Analytical-run IPG-strips were rehydrated with 50 pug of total proteins in 125 pl
of rehydratation buffer and 0.2% (v/v) carrier ampholyte for 12h, at 50 mA, at 20° C. The
strips were then focused according to the following electrical conditions at 20°C: 500 V for
30 min, 1000 V for 30 min, 5000 V for 10h, until a total of 15000 V was reached. For
preparative gels 100 ug of total proteins were used. After focusing, analytical and
preparative IPG strips were equilibrated for 15 min in 6 M urea, 30% (V/V) glycerol, 2%
(w/V) SDS, 0.05 M Tris-HCl, pH 6.8, 1% (w/V) DTT, and subsequently for 15 min in the
same urea/SDS/Tris buffer solution but substituting the 1% (w/V) DTT with 2.5% (w/V)
iodoacetamide. The second dimension was carried out on 12.5% (w/w) polyacrylamide
gels (10 cm x 8 cm x 0.75 mm) at 25 mA/gel constant current and 10°C until the dye front
reached the bottom of the gel, according to (Hochstrasser et al., 1988) MS-preparative gels
were stained for 50 min with Coomassie Brilliant Blue R-250 and destained with MilliQ
grade water. The software ImageMaster™ 2D Platinum was used for the analysis of the
two dimensional gel images.

2.5 Image analysis

Gels images were acquired with an Epson expression 1680 PRO scanner. Computer-aided 2-
D image analysis was carried out using the ImageMaster™ 2D Platinum software. Relative
spot volumes (% V) (V=integration of OD over the spot area; %V = V single spot/V total
spot) were used for quantitative analysis in order to decrease experimental errors. The
normalized intensity of spots on three replicate 2-D gels was averaged and standard
deviation was calculated for each condition.

A few initial reference points (landmarks) were affixed for gels alignment, the first step of
the image analysis. Landmarks are positions in one gel that correspond to the same
position in the other gels. Then, the software automatically detects spots, which represent
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the proteins on the gels. The software “matches” the gels, and the corresponding spots are
paired. The pair is the association between spots that represent the same protein in
different gels. Pairs are automatically determined using ImageMaster powerful gel
matching algorithm. The different 2DE images can be compared by synchronized 3-D
spots view.

2.6 Protein identification by mass spectrometry

2.6.1 In situ digestion

The analysis was performed on the Comassie blue-stained spots excised from gels. The
excised spots were washed first with acetonitrile and then with 0.1IM ammonium
bicarbonate. Enzymatic digestion was carried out with trypsin (10 ng/pl) in 10mM
ammonium bicarbonate pH 8.5 at 4° C for 2 h. The buffer solution was then removed and
a new aliquot of the enzyme/buffer solution was added for 16 h at 37° C. A minimum
reaction volume, enough for the complete rehydratation of the gel was used. Peptides
were then extracted washing the gel particles with 1% formic acid and ACN at room
temperature.

2.6.2 MALDI-TOF mass spectrometry

Positive Reflectron MALDI spectra were recorded on a Voyager DE STR instrument
(Applied Biosystems, Framingham, MA). The MALDI matrix was prepared by dissolving 10
mg of alpha-cyano-4-hydroxycinnamic acid in 1 mL of acetonitrile / water (90:10 v/v).
Typically, 1 pl of matrix was applied to the metallic sample plate, and 1 ul of analyte was
then added. Acceleration and reflector voltages were set up as follows: target voltage at 20
kV, first grid at 95% of target voltage, delayed extraction at 600 ns to obtain the best signal-
to-noise ratios and the best possible isotopic resolution with multipoint external calibration
using a peptide mixture purchased from Applied Biosystems. Each spectrum represents the
sum of 1500 laser pulses from randomly chosen spots per sample position. Raw data were
analysed using the computer software provided by the manufacturers and are reported as
monoisotopic masses. Spectra were manually interpreted, there was no need of any De-
isotopic or other post acquisition processing due to the good signal to noise ratio. Peak lists
were generated manually and used for proteins identification.

2.6.3 LC-MS/MS analysis

A mixture of peptide solution was analysed by LC-MS/MS analysis using a 4000Q-Trap
(Applied Biosystems) coupled to an 1100 nano HPLC system (Agilent Technologies) and
Agilent HPLC-Chip/MS. The mixture was loaded on an Agilent reverse-phase pre-column
cartridge (Zorbax 300 SB-C18, 5x0.3 mm, 5 um) at 10 ul/min (A solvent 0.1% formic acid,
loading time 5 min). Peptides were separated on a Agilent reverse-phase column (Zorbax
300 SB-C18, 150 mm X 75um, 3.5 um), at a flow rate of 0.3 pl/min with a 0% to 65% linear
gradient in 60 min (A solvent 0.1% formic acid, 2% ACN in MQ water; B solvent 0.1% formic
acid, 2% MQ water in ACN). Nanospray source was used at 2.5 kV with liquid coupling,
with a declustering potential of 20 V, using an uncoated silica tip from NewObjectives (O.D.
150 pm, L.D. 20 pm, T.D. 10 pm). Data were acquired in information-dependent acquisition
(IDA) mode, in which a full scan mass spectrum was followed by MS/MS of the 5 most
abundant ions (2 s each). In particular, spectra acquisition of MS-MS analysis was based on a
survey Enhanced MS Scan (EMS) from 400 m/z to 1400 m/z at 4000 amu/sec. This scan
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mode was followed by an Enhanced Resolution experiment (ER) for the five most intense
ions and then MS? spectra (EPI) were acquired using the best collision energy calculated on
the bases of m/z values and charge state (rolling collision energy) from 100 m/z to 1400
m/z at 4000 amu/sec. Data were acquired and processed using Analyst software (Applied
Biosystems).

2.6.4 MASCOT analysis

The mass spectra obtained were then used for protein identification using the MASCOT
software that compares peptide masses obtained by MALDI-TOF MS and LC-MS/MS of
each spot with the theoretical peptide masses from all the proteins accessible in the
databases (Peptide Mass Fingerprinting, PMF). Spectral data were analyzed using Analyst
software (version 1.4.1) and MS-MS centroid peak lists were generated using the
MASCOT.dII script (version 1.6b9). MS/MS centroid peaks were threshold at 0.1% of the
base peak. MS/MS spectra having less than 10 peaks were rejected. MS/MS spectra were
searched against NBCI (National Center for Biotechnology Information) database, (2006.10.17
version) using the licensed version of Mascot 2.1 version (Matrix Science), after converting
the acquired MS/MS spectra in mascot generic file format. The Mascot search parameters
were: taxonomy: Animalia; significance threshold: higher than 50 (according to Mascot
scoring system, Pappin et al., 1993), allowed number of missed cleavages 3; enzyme trypsin;
variable post-translational modifications, methionine oxidation, pyro-glu N-term Q; peptide
tolerance 100ppm and MS/MS tolerance 0.5 Da; peptide charge, from +2 to +3 and top 20
protein entries. Spectra with a MASCOT score <25 having low quality were rejected. The
score used to evaluate quality of matches for MS/MS data was higher than 30. However,
spectral data were manually validated and contained sufficient information to assign
peptide sequence.

Little genomic information is available for Thunnus genus, so protein identification is limited
to a scarce number of tuna sequences deposited in the database. Therefore, once a significant
protein match was made, protein sequence data were used for BLAST homology searches
against other species in the NCBI database.

3. Results

3.1 SDS-PAGE

The protein extraction protocol developed for T. alalunga was used for all examined samples
and showed high reproducibility; the extracted proteins were of both good quality and
quantity (Figure 1). Protein samples of T. thynnus, T. albacares, T. alalunga, and T. obesus were
fractionated by SDS gel electrophoresis as shown in Figure 2. After SDS-PAGE fractionation,
some differences could be observed between the different tuna species. SDS-PAGE protein
bands, in fact, showed inter-species differences, in particular for proteins with molecular
weights lower than 25 kDa.

3.2 Analysis by 2-DE

In order to better elucidate the protein maps of different tuna species, the four samples were
subjected to 2D fractionation. Deep analysis of the muscle proteome from the tuna species
was undertaken by 2-DE image analysis using the ImageMaster™ 2D Platinum software.
The tuna 2-DE images were aligned choosing four landmarks (L1, L2, L3 and L4) in each gel
(Figure 3).
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Fig. 1. T. alalunga SDS-PAGE. Three different protein samples were compared to verify the
reproducibility of the extraction protocol.
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Fig. 2. T. alalunga, T. albacares, T. obesus, and T. thynnus SDS-PAGE. Proteins with molecular
weight lower than 25 kDa are different among species.



Differentiation of Four Tuna Species by
Two-Dimensional Electrophoresis and Mass Spectrometric Analysis 197

Fig. 3. 2DE gel images alignment: landmarks affixing (L1, L2, L3 and L4).

The software correctly detected and aligned spots between the four tuna 2-DE gel images, as
reported in Figure 4. The ImageMaster™ 2D Platinum found: 107 total spots on T. thynnus 2-
DE gel, 93 total spots on the 2-DE gel of T. alalunga, 115 total spots on T. albacares 2-DE gel
and 123 total spots on the 2-DE gel of T. obesus.

Fig. 4. Spot detection. Spots from the 2-DE arrayed samples representing proteins are circled
inred.
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Gel matching of tuna 2-DE images indicated the presence of spots that were both common
to the four species, and the presence of spots that were specific for each species (Fig. 5). The
software detected 28 specific spots on T. thynnus 2-DE gel, 48 specific spots on the 2-DE gel
of T. alalunga , 65 specific spots on T. albacares 2-DE gel and 60 specific spots on the 2-DE gel
of T. obesus.
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Fig. 5. Gel matching: spots circled in green are common to the four tuna species, spots
circled in red are not paired and therefore specific for each species.

3.3 Identification of non-paired/specie-specific spots

The comparison of the 3-D view of the “not paired” spots in the four 2-DE gel images makes
it possible to find the most interesting spots for the characterization of the four tuna species
(Fig 6-13). These proteins were considered species-specific markers.

3.4 Protein identification

Protein spots were excised from the gel and reduced, alkylated, and in-gel digested with
trypsin. The resulting peptide mixtures were analyzed directly by MALDI-TOF MS and/or
LC MS/MS. The MS/MS spectra were used to search for a non-redundant match using the
in-house MASCOT software, thus taking advantage of the specificity of trypsin and of the
taxonomic category of the samples. NCBInr database updates are regularly uploaded to in
house version of MASCOT. We filtered identifications restricting to Animalia taxonomy.
Molecular weights values that matched within the given mass accuracy of 100 ppm were
recorded and the proteins that had the highest number of peptide matches were examined.
Protein identification is limited to a scarce number of tuna sequences deposited in the
database. Therefore, for proteins identified with low MASCOT score, protein sequence data
were used for BLAST homology searches against other species in the NCBI database. The
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Fig. 6. An example of a T. thynnus spot that might be a specific marker (labeled THY).
Equivalent areas on all gels highlighted with a box.
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Fig. 7. 3-D view of the T. thynnus species-specific spots and 3-D view of the same area from
the other species gels. No spot/ protein is present in the gel arrayed samples from the other
species.
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Fig. 8. An example of a T. alalunga spot that might be a specific marker (labeled ALA).
Equivalent areas on all gels highlighted with a box.
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Fig. 9. 3-D view of the T. alalunga species-specific spots and 3-D view of the same area from
the other species gels. No spot/ protein is present in the gel arrayed with samples from the
other species.
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Fig. 10. An example of a T. obesus spot that might be a specific marker (labeled OBE).
Equivalent areas on all gels highlighted with a box.
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Fig. 11. 3-D view of the T. obesus species-specific spots and 3-D view of the same area from
the other species gels. No spot/ protein is present in the gel arrayed with samples from the

other species.
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Fig. 12. An example of T. albacares spots that might be a specific marker (labeled ALBA).
Equivalent areas on all gels highlighted with a box.
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Fig. 13. 3-D view of the T. albacares species-specific spots and 3-D view of the same area from
the other species gels. No spot/ protein is present in the gel arrayed with samples from the
other species.
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BLAST alignment was done for: Triosephosphate isomerase (THY), Pyruvate kinase (ALA)
and Fast skeletal muscle troponin T (ALBA). The results of mass spectrometric analysis of
the species-specific markers are shown in Table 1.

Spot Protein Accession Species M I Analysis Score
ID number P w|P Method
Triosephosphate
isomerase . 229 MASCOT 83
THY [Priapulus 8146909469 T. thynnus KDa 6.51 LC-MS/MS BLAST 421
caudatus]
Pyruvate kinase 586 MASCOT 93
ALA mgscle' gi40786398 T. alalunga KDa 6.54 | LC-MS/MS BLAST 1052
[Danio rerio]
Fast skeletal
muscle troponin T . 272 MASCOT 92
ALBA Subunits gi20386541 T. albacares KDa 9.48 LC-MS/MS BLAST 269
[Gadus morhua]
Beta-enolase 475
OBE [Epinephelus 81295792264 T. obesus k]ja 6.29 MALDI MASCOT 159
coioides]

Table 1. Identification of potential species-marker proteins from 2-DE arrays of the four
Thunnus species.

4. Discussion

The specific proteins have important metabolic functions. Pyruvate kinase identified in T.
alalunga is an enzyme involved in glycolysis. This protein catalyzes the transfer of a
phosphate group from phosphoenolpyruvate (PEP) to ADP, yielding pyruvate and ATP.
The specific protein identified in T. Thynnus is triose phosphate isomerase (TPI), a glycolytic
enzyme which catalyzes the interconversion of dihydroxyacetone phosphate (DHAP) with
D-glyceraldehyde-3-phosphate. TPI plays an important role in glycolysis and is essential for
efficient energy production. Beta-enolase was identified in T. obesus and is a muscle-specific
enolase (MSE) and is an enzyme of the lyase class that catalyzes the dehydration of 2-
phosphoglycerate to form phosphoenolpyruvate. It appears to have an important function
in striated muscle development and regeneration. The species-specific T. albacares protein is
troponin T, fast skeletal muscle subtype. Troponin T (also symbolized TNTF) is the
tropomyosin-binding subunit of troponin, the thin filament regulatory complex which
confers calcium-sensitivity to striated muscle actomyosin ATPase activity.

Therefore, all the identified species-specific proteins have an important metabolic function.
For this reason it is not reasonable to think that these proteins do not exist in the other
Thunnus species. But the ImageMaster™ 2D Platinum software did not find these proteins in
the same localization of the other species 2D gels, which means that these proteins have a
different isoelectric point and molecular weight in the other analysed species. The image
analysis was correct for species identification, and it was confirmed by the 3-D view; the
different spots are proteins and not artifacts caused by aberrant staining of the gel. So, the
presence of the species-specific spot in a different area of the gel could indicate (e. g.
pyruvate kinase) a higher rate for glycolysis in T. alalunga. It is important to continue the
studies to enhance the knowledge of the identified species-specific spots and to identify
other spots that could have species-specific function.
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5. Conclusion

Proteomics has been demonstrated to be a useful method to increase scientific knowledge on
animals and plants (Pandey & Mann, 2000). The progress in proteomic analytical techniques
has enabled more accurate and reliable information for determining species differences
(Tyers & Mann, 2003). The realization of a unique fingerprint for a given species is possible
through the separation and subsequent identification of specific proteins.

In this study, a proteomic assay for the identification of species-specific markers of
commercially important species of the genus Thunnus was undertaken. The proteomic
fingerprinting of four species of the genus Thunnus was obtained using two dimensional
electrophoresis followed by protein identification using mass spectrometry. The analysis of
the 2-DE images revealed significant differences between the four tuna species investigated.
The gel matching (Figure 5) shows that there are several different spots between the species,
circled in red. The number of species-specific spots identified by the software is substantial
for each Thunnus species (28 out of 107 total spots for T. thhynnus; 48 out of 93 total spots for
T. alalunga; 65 out of No 115 total spots for T. albacares and 60 out of No 123 total spots for T.
obesus).

The 3-D view of the gels revealed the presence of some red circled spots absent in the same
areas from the other species gels. These spots were chosen as species-specific.

The occurrence of species-specific protein spots may be due to differentially expressed
proteins only present at low levels or absent in the other species. Thus, 2-DE analysis helped
us to identify species-specific proteins, which could be used as specific markers to delineate
each species.

The value of a proteomics approach to differentiate tuna species relies on both the ability to
obtain the visualization of different protein spots in a 2D map but also the unique
identification of the protein candidate by using mass spectral and bioinformatics
procedures. Analyses were further enhanced through morphological visualization by 3-D
reconstruction of differential spots from the four tuna species. In this way, it was possible to
enhance differences and identify highly unique proteins from the Thunnus species. This
second phase of study further validated the proteomic analysis technique as it confirmed
that spots found in different locations and morphology on the 2D gels also corresponded to
different proteins.

We have demonstrated that proteomics could be employed to differentiate species when
they show contain high degrees of genetic homology (e.g. Thunnus). The DNA sequences
normally used as species molecular markers are not discriminating for Thunnus species
(Bottero et al., 2007). Moreover, without the option of a proteomic investigation, it would be
necessary to further investigate the genome of each species, to identify genes that may differ
between the species. This study shows how the use of proteomics tools is important for
species identification.

The future developments of this study should be the identification of other species-specific
proteins with metabolic functions characteristic of each species, to then identify species-
specific genes. Primers can be subsequently designed for routine molecular biology methods
to identify raw and processed fish products by PCR. In fact, PCR is currently routinely used
for species identification and maintains this role due to practical attributes such as speed
and cost. However, proteomics can provide an immediate and unambiguous identification
of protein biomarkers, and in cases where the genomes are similar between species, the
analysis of the proteome has a decisive advantage.
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1. Introduction

Extremophile yeast Yarrowia is now commonly acknowledged as a prospective industrial
microorganism and a highly promising cell model. This is due to several unique properties
of this organism. First, it is able to grow rapidly on a broad range of organic substrates
including waste water, oil paraffin and non-natural substances. This property, due to the
presence of peroxisomes, allows the application of Y. lipolytica for waste management, water
and soil bioremediation and for conversion of fossil organic compounds and pollutants to
feed ingredients. Second, due to a high metabolic activity and resistance to chemical
stresses, Y. lipolytica is able to produce aggressive organic compounds (e.g. succinate) at
high yields. Third, Y. lipolytica provides a well-established model of a dimorphic transition
between a yeast-like state and a mycelium forming fungi. This property enables the
application of Y. lipolytica as a model for drug discovery for therapeutic control of Candida
albicans (the most common fungal pathogen in humans) and other pathogenic fungi. In
contrast to C.albicans, Y.lipolytica is easily cultivated and has a complete sexual cycle. Thus,
genetic mating analyses are readily applicable. Dimorphic transition in Y. lipolytica is also
considered as the simplest model of cell differentiation in eukaryotes. Taken together, these
factors provided the incentive for complete sequencing of the Y. lipolytica genome. This has
been carried out by GenoLevures Consortium in France (Dujon et al, 2004). Availability of
the complete genomic sequence opened access to proteomic assays to be combined with
functional studies of Y. lipolytica. The proteomic approach has been successfully used by
Morin et al (2007) for the identification of major proteins involved in the dimorphic
transition of Y. lipolytica.
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Beyond the abovementioned properties, Y. lipolytica remains the only known ascomycetes
yeast readily growing on alkaline media and in the presence of salts at near-saturating
concentrations. These phenomena have been studied by both genetic and biophysical
methods. Genetic and molecular biology data implicated the involvement of Rim101- and
calcineurine-dependent signal pathways in the high pH adaptation (Lambert et al, 1997).
Biophysical data by Zvyagilskaya et al (2000) demonstrated the exchange of proton-
dependent machineries involved in metabolite symport (e.g. phosphate ion) through the
plasma membrane as a mechanism for Na*-dependent adaptability. Rim101- and
calcineurine-dependent regulatory pathways as well as the proton/Na* symport switch are
ubiquitous in all studied yeast including Saccharomyces cerevisiae. Under normal conditions,
these mechanisms usually provide a launch of emergency responses to stress, allowing only
a short-term survival of the cells under the alkaline / high salt conditions. In contrast, Y.
lipolytica permanently grows on media with a pH up to 10. On the other hand, similar to
other ascomyecetes, Y. lipolytica is considered to prefer an acidic pH media. Many strains of
this species demonstrate an exclusive resistance to low pH (Yuzbashev et al, 2010). Taken
together, these data show that the ambivalent pH adaptation molecular mechanisms in Y.
lipolytica coupled to an extreme halotolerance, remains obscure. Their discovery may
significantly contribute to practical applicability of Y. lipolytica.

2. Research objectives

Taking into account the availability of a complete genomic sequence, we aimed to apply
proteomics technique for the identification of Y. lipolytica proteins whose occurrence
depends on pH medium and apparently contributes to global mechanisms of pH
adaptation.

3. Methods

3.1 Yeast strain and culture conditions

Y. lipolytica strain PO1f (MatA, leu2-270, ura3-302, xpr2-322, axp-2) was purchased from
CIRM-Levures collection (France) where it was deposited under accession number CLIB-
724. The strain differs from the wild type Y. lipolytica by auxotrophy towards Leu and Ura
and by an ability to grow on sucrose. Y. lipolytica basic strain was maintained on solid
media of the following composition (g/1): yeast extract - 2.5; bactopeptone - 5.0; glycerol -
15.0; malt-extract- 3.0; agar - 20.0; pH 4.0-4.2 or 8.9-9.0. Liquid nutrient broths were
prepared as follows (g/1): - MgSO4x7H,0O - 0.5; NaCl - 0.1; CaCl; - 0.05; KHoPO, - 2; KoHPO,
x 3Ho0 - 0,5; (NH4)2SO4 - 0.3; Ca pantotenate - 0.4; inositol - 2.0; nicotinic acid - 0.4; n-amino
benzoic - 0.2; pyridoxine -0.4; riboflavin - 0.2; thiamine - 0.1; biotin - 0.002; folic acid - 0.002;
H3BO, -0.5; CuSO4 x 5H,0 -0.04; KI - 0.1; FeCl; x 6H,O - 0.2; MnSO4 x H,O - 0.4, NaMoOQOy x
2H0 - 0.2; ZnSOy4 - 0.4; pH - 4.0-4.2 or 8.9-9.0, yeast extract "Difco" - 2.0. 1% glycerol was
used as a principal carbon and energy supply. pH was controlled permanently during
cultivation.

3.2 Cell extract preparation

Cell cultures (24 h) were used for proteomic studies (average Asgp =7.5-8.0). The biomass
was harvested by centrifugation at 4000g for 10 min. The cells were washed twice with ice-
cold deionized water and eventually pelleted.
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To prepare protein extracts, 100 mg of the cell pellet was transferred to a vial containing 2ml
lysis buffer (9M urea, 5% p-mercaptoethanol, 2% Triton X-100, and 2% ampholytes, pH 3.5-
10 (Sigma, USA)) and thoroughly suspended. The sample was either immediately heated in
a boiling bath for 3-5 min or placed on ice and sonicated in an ultrasonic desintegrator
(MSE-Pharmacia) for 2 min (4 cycles 30 sec each). In both cases the homogenate was clarified
by centrifugation in a microfuge for 20 min at maximum speed. The pellet was discarded
and 100 pl of the clear supernatant was used for isoelectrofocusing (IEF).

3.3 Two-dimensional gel electrophoresis (2DE)

The first dimension separation employed IEF in glass tubes (2.4 x 180mm) filled with 4%
polyacrylamide gel prepared with 9M urea, 2% Triton X-100 and 2% ampholyte mixture.
Ampholytes of 5-7 and 3.5-10 pH ranges mixed at 4:1 ratio were used in all experiments. The
protein extracts (100ul) were applied at the acidic end of the gel, and IEF was carried out
using a Model 175 electrophoretic cell (Bio-Rad, USA) until 2400 V/h was achieved. The
polyacrylamide gel columns with protein samples separated by IEF were applied as a
starting point for separation in the second dimension, for which slab electrophoresis in
polyacrylamide gel (200 x 200 x 1 mm) was used with a linear 7.5-20% gradient of
acrylamide in the presence of 0.1% SDS using a vertical electrophoretic cell (Helicon
Company, Russia). A well was created for protein marker application at the edge of each gel
slab. Further details of the modified 2DE approach are described earlier (Kovalyova et al,
1994; Laptev et al, 1995; Kovalyov et al, 1995).

For protein visualization, the polyacrylamide gel slabs were stained with Coomassie Blue R-
250 and then with silver nitrate according to the well-described methods (Blum et al, 1987)
and modified by the addition of 0.8% acetic acid to sodium thiosulfate. The stained gels
were documented by scanning on an Epson Expression 1680 scanner, and densitometry was
carried out using the Melanie software (GeneBio, Switzerland) according to the
manufacturer’s protocol.

Molecular masses (M) of the fractionated proteins were determined by their electrophoretic
mobility in the second dimension as compared to protein markers from standard heart
muscle lysates (Kovalyova et al, 1994). The results of the mass determinations were verified
by a calibration curve plotted using a marker kit (MBI Fermentas, Lithuania) with M
ranging 10-200kDa. Isoelectric points (pl) of fractionated proteins were determined from
their electrophoretic location in the first dimension, as described earlier (Kovalyova et al,
1994; Laptev et al, 1995), taking into account the known localization of identified reference
proteins. Theoretical values of M were also taken from the Swiss-Prot database taking into
account evidence for posttranslational processing of signal sequences (when available).

3.4 Protein identification by mass spectrometry

Isolation of protein fractions from polyacrylamide gel slabs, hydrolysis with trypsin, and
peptide extraction for protein identification by matrix assisted laser desorption/ionization
time of flight mass-spectrometry (MALDI-TOF MS) were carried out according to published
protocols (Shevchenko et al, 1996) with some modifications (Govorun et al, 2003). A sample
(0.5 pl) was mixed on the target with equal volume of 20% acetonitrile containing 0.1%
trifluoroacetic acid and 20 mg/ml of 2,5-dihydroxybenzoic acid (Sigma-Aldrich, USA) and air
dried. Mass spectra were recorded on a Reflex III MALDI-TOF mass spectrometer (Bruker
Daltonics, USA) equipped with a UV-laser (336nm) in the positive mode with masses ranging
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from 500-8000Da. The mass spectra were internally calibrated using trypsin autolysis
products. The proteins were identified with Mascot software (Matrix Science, USA) using
databases of the US National Center of Biotechnological Information (ncbi.nhm.nih.gov).

The NCBI database was searched within a mass tolerance of +70 ppm for the appropriate
species proteins; with one missed cleavage allowed. Protein score > 84 are significant
(p<0.05). Carbamidomethylation ion of a cysteine residue and the oxidation of methionine
are considered modification. Proteins were evaluated by considering the number of
matched tryptic peptides, the percentage coverage of the entire protein sequence, the
apparent MW, and the pI of the protein.

4. Results

4.1 Equalizing culture growth conditions

Previously we reported data about pH adaptation of Y. lipolytica carried out in minimal
synthetic medium with succinate as the single source of carbon and energy (Guseva et al,
2010). However, elucidation of principles enabling Y. lipolytica to survive under strong
alkaline conditions requires discrimination of partial physiological reactions of certain
media components. This is possible only if several media pairs (each with acidic and
alkaline pH) are compared. Therefore, we aimed to reproduce the experiments in a complete
liquid medium containing 2% yeast extract and 1% glycerol. It was prepared in three
versions with pH 4.0, 5.5 and 9.0. Growth curves were plotted using Ao as a criterion (Fig.
1). The inoculums for each culture were produced on a solid medium using the same pH as
the main experiment. Inoculation dosage was ~10# cells per ml.

Surprisingly, retardation of Y. lipolytica growth at pH 4.0 and 5.5 versus pH 9.0 was found
during periods of 1-20 h after inoculation. During periods of 20-24 h Ay as well as cfu
contents, determined by microbiological method, were the same in all three cases.
Consequently, only 24 h old cultures were subjected to further proteomic studies.
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Fig. 1. Growth curves of Y. lipolytica at rich media with different pH’s.
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4.2 Analysing morphological differences of Y. lipolytica culture by microscopy
Measuring Ao of the culture is a precise and simple qualitative technique. However, it does
not allow the visualization of putative morphological cell changes under different pH
conditions. These changes may compromise the accuracy of Agp data conversion to cell
number.

In order to track morphological changes in Y. lipolytica cells in liquid media at pH 4.0 and 9.0
cultures were subjected to visual phase-contrast microscopy (100x magnification) with no
fixation. The data (Fig. 2) demonstrate that average cell volume was 2-4 times larger in the
culture at pH 4.0 when compared to pH 9.0. The cells grown in alkaline media contained
massive vacuoles occupying most cell volume.

Taken together, these observations lead to conclusion that the volume of the cytoplasm
relative to the total volume of the cells is much reduced when growing under alkaline
conditions. One could also presume that the ratio between proteins in the cytoplasm and
intracellular membrane compartments (vacuoles, mitochondria, Golgi apparatus) may also
be altered (Brett & Merz, 2008).

4.3 Preparing Y. lipolytica protein extracts

Accurate pair-wise comparison of proteomes requires thorough equalizing and normalizing
of source biological material. Massive and tightly cross-linked polysaccharide cell walls are
a specific attribute of all yeast species including Y. lipolytica. It protects the cells from rapid
changes in environmental conditions but also substantially hinders experimental processing
of yeast samples (Dagley et al, 2011). This problem is commonly addressed in transcriptomic
studies, but proteomic research also requires optimal extraction procedures. Fortunately,
even mechanically durable cell walls are susceptible to mechanical crushing (ultrasonic
treatment, French-press, glass beads) but such procedures take time. In the course of
mechanical homogenization, intracellular lysosomes are broken, and thus incapsulated
cathepsins come in contact with cytoplasmic proteins. Taken together these issues may
result in the degradation of proteins that intend to be subjected to further analysis. On the
other hand, many membrane and cell-wall associated proteins are poorly extracted by water
or buffers. Moreover, detergent treatment does not always provide an exhaustive extraction
technique. Heavily glycosylated proteins located in ER, Golgi apparatus and in the cell wall
are often excluded by such processes (Morelle et al, 2009; Pascal et al, 2006).

These two problems substantially preclude complete characterization of the yeast proteome
and may compromise validity of the obtained data. Thus far, only a single report has
undertaken a proteomic study of Y. lipolytica (Morin et al, 2007). These authors analyzed
proteins from water soluble cell fractions produced by mechanical disintegration and the
subsequent removal of the insoluble fraction by centrifugation. Hence, the membrane, cell-
wall and cytoskeleton associated proteins were excluded from consideration. Taking into
account presumed contribution of membrane transport machinery to pH adaptation in Y.
lipolytica (Zvyagilskaya et al, 2000) a complete proteome assay seemed to be more relevant
to our research objectives.

To address this problem, we proposed two modifications of a chemical lysis method
adapted from the preparation of human muscle tissue (Kovalyova et al, 2009). The first
modification (Fig. 3, 4 and 5) included the instant resuspension of the yeast cells in a hot
lysis buffer containing urea, reducing agent, Triton X-100 and ampholytes. The second
included a preliminary ultrasonic treatment of the cells suspended in the same buffer on ice



214 Proteomic Applications in Biology

B

Fig. 2. Y. lipolytica cells cultured in growth media under acidic (A; pH 4.0) and alkaline (B;
pH 9.0) conditions (growth time 24 h). Images from an optical microscope with 100x
magnification.
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Fig. 3. 2D electophoregarm of Y. lipolytica proteome cultured on pH 4.0 medium (double
silver/Coomassie R-250 staining). The cells were lysed in the denaturing buffer without
mechanical disintegration. MALDI-TOF MS analysis of the spots specific for this specimen
(not found in Fig. 4 or 5).

Fig. 4. 2D electophoregarm of Y. lipolytica proteome cultured on pH 5.5 medium (double
silver/ Coomassie R-250 staining). The cells were lysed in the denaturing buffer without
mechanical disintegration. MALDI-TOF MS analysis of the spots specific for this specimen
(not found on Fig. 3 and 5).
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Fig. 5. 2D electophoregarm of Y. lipolytica proteome cultured on pH 9.0 medium (double
silver/ Coomassie R-250 staining). The cells were lysed in the denaturing buffer without
mechanical disintegration. MALDI-TOF MS analysis of the spots specific for this specimen
(not found on Fig. 3 and 4).

(Fig. 6 and 7). The volume ratio between cell pellet and the lysis buffer must be about 1:20.
The cells must be placed into a vial containing the buffer to provide instant resuspension of
the sample. After homogenization, the non-soluble pellet containing polysaccharides must
be discarded by an intensive centrifugation step to avoid clogging of IEF tubes.

Both methods resulted in gels that produced ~1000 individual spots, compared to other
tested methods which rendered <100 spots (data not shown). However, the overall spot
pattern obtained by two methods from the same biological material was significantly
different (compare Fig. 3 to Fig. 6 and Fig. 5 to Fig. 7). Moreover, the quality of the protein
extract produced under alkaline conditions was always less than in samples produced
under acidic conditions. However, the results were highly reproducible for the same
method even when applied to independently cultured material.

4.4 Studies of Y. lipolytica protein extracts by 2DE and MALDI-TOF MS

A total of 5 types of extracts were analyzed. Three samples were produced using hot buffer
extraction from whole cells (the cultures were produced in media at pH 4.0, 5.5 and 9.0).
Two samples were obtained from the cells subjected to ultrasonic disintegration directly in
the ice-cold lysis buffer (the cultures were produced in media at pH 4.0 and 9.0). The unique
spots specific for each sample were identified by comparison with the samples obtained by
the same technique. Only intense spots corresponding to abundant cell proteins were
analyzed by MALDI-TOF MS. Although cultures produced at pH 4.0 and 5.5 were analyzed
separately, we suggest that differences between them must be considered as the “base-line
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Fig. 6. 2D electophoregarm of Y. lipolytica proteome cultured on pH 4.0 medium (double
silver/ Coomassie R-250 staining). The cells were homogenized by ultrasonic treatment with
subsequent denaturing buffer without mechanical disintegration. MALDI-TOF MS analysis
of the spots specific for this specimen (not found on Fig. 7).

Fig. 7. 2D electophoregarm of Y. lipolytica proteome cultured on pH 9.0 medium (double
silver/ Coomassie R-250 staining). The cells were homogenized by ultrasonic treatment with
subsequent denaturing buffer without mechanical disintegration. MALDI-TOF MS analysis
of the spots specific for this specimen (not found on Fig. 6).
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fluctuation” since both pH ranges are considerably below the pH of the cytoplasm.
Comparison within this pair may allow an estimation of the reproducibility of the employed
techniques e.g. as described by (Huang et al, 2011).
The data shown demonstrates that many selected spots from the 2D electophoregrams were
not able to be identified by MALDI-TOF MS analysis (Table 1). Consequently, only two

Code Exp. Mr YL protein Mascot | Calc. Mr Homologue with known
kDa identified by Score Da function
Mascot
1 72 Invalid data
2 48 Invalid data
7 12 Invalid data
P43070 C. albicans Glucan
1,3- [)-glucosidase
3 39 YALIOB03564p 106 34031 precursof (EC32138)
(Exo-1-3-B- glucanase)
P34760 S. cerevisiae
4 23 YALIOB15125p 247 21311 YML028w TSA1 thiol-
specific antioxidant
5 25 Invalid data
P36010 S. cerevisiae
YKLO67w YNK1
6 13 YALIOF09229p 99 17031 nucleoside diphosphate
kinase
8 75 Invalid data
9 38 Invalid data
10 11 Invalid data
P04840 S. cerevisiae
11 29 YALIOF17314p 163 29514 Y NLOS5¢ P OR1
mitochondrial outer
membrane porin
P04037 S. cerevisiae
3v 13 YALIOE19723p 95 17290 YCL187¢ CO).(4
cytochrome-c oxidase
chain IV
P00942 S. cerevisiae
5v 24 YALIOF05214p 151 26679 YDROS0e TPIL triose-
phosphate isomerase
singleton
P14306 S. cerevisiae
YLR178C
6v 21 YALIOB03366p 97 20957 carboxypeptidase Y
inhibitor (CPY inhibitor)
(Ic)(DKA1/NSP1/TES1)
7v 12 Invalid data
1v 72 Invalid data
P22943 S. cerevisiae
YFL014W 12 kDa heat
2v 12 YALIOD20526p 106 13681 shock protein (Glucose
and lipid-regulated
protein)

Table 1. 2DE protein spots subjected to identification by MALDI-TOF MS
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clearly alkaline-inducible proteins were identified. The most prominent candidate proteins
exhibiting great pH-inducibility and high overall expression levels (e.g. 1v, 8, 9 and 10)
could not be identified. A higher proportion of spots were successfully identified from the
samples originating from pH 5.5 medium compared to the samples from pH 4.0 medium.
Furthermore, gel resolution and total number of resolved spots also increased under pH 5.5
conditions. This could be explained by the observation that the share of cytoplasm proteins
in the total cell volume is proportionally higher under optimal conditions (pH 5.5) and
decreases under acidic or alkaline stress in favor of the membrane compartments (vacuoles,
mitochondria, ER, Golgi apparatus) (see Fig. 2). This idea is supported by observation that 6
out of 8 proteins represented in Table 1 are “pH-reactive” and are allocated to non-
cytoplasm compartments. It is also in a good agreement with numerous communications
about involvement of ER and mitochondria to anti-stress adaptation of organisms from all
kingdoms (Hoepflinger et al 2011; Rodriguez-Colman et al, 2010). Reactive oxygen species
(ROS) formation accompanies all responses to stresses and cross-talk between ER and
mitochondria contributes to abatement of damage caused by uncontrolled oxidation (Bravo
et al, 2011; Tikunov et al, 2010).

4.5 Functions and genomic organisation of the genes encoding potential “pH-reactive
proteins” in Y. lipolytica

In order to systematically assess properties of the up-and down-regulated alkaline-sensitive
proteins, we arranged the available functional data from Swiss-Prot records for each
identified protein (Table 2).

Genomic localization of the pH-regulated proteins is not uniform. However, one can make
an observation that no pH-reactive genes were found on chromosomes A or C.

The data demonstrate an important role of non-cytoplasmic cell compartments in the pH
adaptation of Y. lipolytica. Only two proteins (4 and 5v) from the eight identified have
annotated subcellular locations corresponding to the cytoplasm. While it is possible that
adaptation to the acidic and alkaline pH depends on these polypeptide structures, one must
take into account that many potentially important pH-reactive proteins failed to be
identified. Therefore, we cannot conclude that all major pH-reactive proteins were found. It
is worth noting that this and other studies (Guseva et al, 2010) have failed to identify plasma
membrane components (ATPase subunits and pumps) responsible for direct ion exchange
between the cytoplasm and the environment.

A comparison of this study with pH-reactive proteins identified previously (Guseva et al,
2010) in Y. lipolytica cultivated on a minimal medium with succinate was undertaken. Two
proteins YALIOF17314p and YALIOB03366p were found in both cases. YALIOF17314p (outer
membrane mitochondrial porin, VDAC) was the only alkaline-inducible protein found in
both cases. In contrast, YALIOB03366p (carboxypeptidase Y inhibitor, a lysosomal
component) was found to be an alkaline-inducible on minimal medium with succinate and
alkaline-repressible in complete medium with glycerol (present study). This comparison
leads to the conclusion that the outer membrane mitochondrial porin is possibly an essential
part of Y. lipolytica pH-adaptation machinery, independent of the utilized nutrient source.
Another identified alkaline-inducible component of Y. lipolytica, Hsp12 is an intrinsically
unstructured stress protein that folds upon membrane association and modulates
membrane function (Welker et al, 2010). Hsp12 of S. cerevisiae is upregulated several 100-
fold in response to stress. Our phenotypic analysis showed that this protein is important for
survival under a variety of stress conditions, including high temperature. In the absence of
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a. Alkaline-inducible proteins

Code | YL Function Protein cell Gene (Gene Chromosom
Swiss localization Bank acc. al
-Prot Number) localization
acc. #

11 YALI | POR1 Outer mebrane | gi|50556244 F (2311796-
0F173 | mitochondrial of mitochondria 2313207)
14p outer membrane

porin

2v YALI | 12 kDa heat shock | Cytoplasm/inte | gi|50551205 D (2604298-
0D20 | protein rnal membrans 2604907)
526p

b. Alkaline-repressible proteins

Code YL Function Protein cell Gene (Gene Chromosoma
Swiss localization Bank acc. Ilocalization
-Prot Number)
acc. #

3 YALI | Glucan1,3- beta- | Golgi appartus gi| 50545854 B (498811-
0B035 glucosidase 499752)
64p precursor
4 YALI Peroxiredoxin Cytoplasm gi| 50546891 B (2015063-
0B151 (PRX) family, 2015653)
25p Typical 2-Cys
PRX subfamily
6 YALI nucleoside Mitochondria gi| 50555578 F (1287080-
0F092 diphosphate matrix 1287730)
29p kinase
3v YALI COX4 Inner gi | 50553496 E (2354436-
0E197 cytochrome-c membrane of 2354924)
23p oxidase chain IV mitochondria
5v YALI TPI1 triose- Cytoplasm gi| 50555229 F (783915-
0F052 phosphate 784734)
14p isomerase
singleton
(glycolysis)
6v YALI | carboxypeptidase Vacuole gi | 50545840 B (481138-
0B033 Y inhibitor 482256)
66p

Table 2. Functions and genomic organisation of the genes encoding potential “pH-reactive
proteins” in Y. lipolytica

Hsp12, we observed changes in cell morphology under stress conditions. Surprisingly, in
the cell, Hsp12 exists both as a soluble cytosolic protein and associated with the plasma
membrane. The in vitro analysis revealed that Hsp12, unlike all other Hsps studied so far, is
completely unfolded; however, in the presence of certain lipids, it adopts a helical structure.
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The presence of Hsp12 does not alter the overall lipid composition of the plasma membrane
but increases membrane stability (Welker et al, 2010). This information allows us to
hypothesize that the biological function of Hsp12 is in rearranging and repairing membrane
compartments under the stress conditions. This point of view is in perfect agreement with
observations about the key role of the inner membrane compartments in the alkaline
adaptation in Y. lipolytica. Unfortunately the involvement of this protein in many types of
stress responses may result in data concerning its expression pattern poorly reproducible.

5. Conclusion

A new yeast cell extraction procedure enabled the resolution of more than 1000 individual
protein spots of Y. lipolytica samples for each gel. This is ~2-fold more than in outlined by
previous studies (Morin et al, 2007) where water soluble cell fractions were analyzed. In
total, two proteins were up-regulated at pH 9.0, the mitochondrial outer membrane porin
(VDAC) and 12 kDa heat shock protein.

These data complement the conclusions by Morin et al (2007) who emphasized the
occurrence of energy metabolism proteins within the proteome portion as up-regulated in Y.
lipolytica hyphae during the dimorphic transition. Similar conclusions were reported for
stress adaptation in S. cerevisiae (Martinez-Pastor et al, 2010; Rodriguez-Colman et al, 2010)
and Candida albicans (Dagley et al, 2011). VDAC is not only responsible for protein import
into mitochondria but essentially contributes to antioxidant resistance of mitochondria
(Tikunov et al, 2010).

To the best of our knowledge, we provide the first report about the application of proteomic
techniques to address the problem of Y. lipolytica adaptation to growth in alkaline
conditions. In contrast to the previously hypothesized involvement of plasma membrane
transporters and global transcription regulators (e.g. Rim101) in high pH adaptation, our
study elucidated a key role for mitochondrial proteins and represents a new result for Y.
lipolytica. On the other hand, this observation is in a good agreement with reports
concerning the pivotal role of non-cytoplasmic compartments in stress adaptation in other
biological systems e.g. yeast and plants (Bravo et al, 2011; Hoepflinger et al 2011; Rodriguez-
Colman et al, 2010).

In our opinion, this work exemplifies a prompt and inexpensive study which could be easily
undertaken for any physiological experiment with the organisms whose genome has been
recently sequenced. Finally, it should be noted that a total cell proteome assay is strongly
recommended for this kind of study, although some effort to determine an appropriate lysis
buffer for protein extraction must be undertaken.
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1. Introduction

The objective of this chapter is to provide an overview of the different approaches that have
been undertaken in our laboratory and by other researchers to investigate the different
aspects of snake venoms using two-dimensional electrophoresis (2DE). It will also highlight
the few novel modifications that we have employed to improve the protocol of 2DE, in
order to further increase its versatility as a research tool in the study of snake venoms.

2. The utilization of proteomics to characterize snake venoms

The biological and pathological activities of snake venoms are associated with proteins and
peptides in the venoms. These venom constituents are often conveniently classified as either
neurotoxic or hemotoxic (Calvete et al., 2009). The venoms of the Elapidae and Viperidae
families are among the most thoroughly investigated. The main constituents of the Elapidae
venoms are the neurotoxic proteins with lower molecular weights. On the other hand, the
main constituents of the Viperidae venoms are the hemotoxic proteins with higher
molecular weights. Nevertheless, this classification is not mutually exclusive, since in certain
venoms, such as the Elapidae Ophiophagus hannah, the main constituents are the higher
molecular weight enzymes, which are typically more characteristic of Viperidae venoms
(Tan & Saifuddin, 1989). Apart from this widely accepted classification of neurotoxins and
hemotoxins, the other aspect in the diversity of venom proteins includes the relative
abundances of each protein family. High abundance proteins are important in generic
killing and are generally the primary targets of immunotherapy while low abundance
proteins are considered to be more important in evolutionary studies (Calvete et al., 2009).
Understanding the differences in venom proteins abundances is important as it also has an
influence on the method that is required to study these proteins with different abundances
in different venoms.

In the early studies of snake venoms, in order to dissect and to analyze the complexity of
snake venom constituents, the typical workflow employed has been to isolate and
subsequently characterize the biochemical characteristics of individual venom proteins
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(Bougis et al., 1986; Graham et al., 2008; Ownby & Colberg, 1987; Tan & Saifuddin, 1989). For
example, the crude venom of O. hannah was fractionated by Sephadex G75 gel filtration
chromatography and DEAE-Sephacel ion-exchange chromatography and the biological
properties of the individual chromatography fractions were subsequently determined by
utilizing various biochemical assays (Tan & Saifuddin, 1989). The objectives of the study
were to investigate the presence of toxic components in the O. hannah venom and to provide
information for further investigations of the biochemistry and toxicology of O. hannah
venom. Graham et al (2008) analyzed 30 venoms from the Elapidae and Viperidae families
by G50 gel filtration chromatography and following comparison of the chromatography
profiles, definitive patterns that could be used for preliminary analyses of venom
components were established.

However, the comparison of elution profiles was limited by the less-than-optimum
resolution of peaks, especially those containing venom components that were present at
higher amount in the venom, resulting in broader peaks within the chromatography
profiles, masking the presence of other components (Chippaux et al., 1991). Biochemical
analysis and characterization also did not allow for the differentiation and comparison of
venom constituents in terms of protein structure (Chippaux ef al., 1991). Nevertheless, with
the development and refinement of chromatographic techniques that allow for further
detailed analyses of fraction components, such strategy of isolation and characterization of
venom constituents remains the mainstay of toxinology (Graham et al., 2008).
Notwithstanding the few limitations of 2DE, its recent revitalization and its utilization as
part of the workflow to analyze venom complexity has encouraged a new direction in
venom studies that uses a more global approach in visualizing venom complexity (Fox &
Serrano, 2008). Separating proteins based on two independent parameters - pl value by
isoelectric focusing (IEF) in the first dimension and molecular weight by SDS-PAGE in the
second dimension - 2DE is able to resolve venom proteins into a few thousand individual
spots, producing a specific profile for each venom analyzed via 2DE (Carrette et al., 2006).
The different 2DE profiles of venoms will then be used for comparison and this concept of
between-gel comparison, or comparative proteomics, has largely been put into a few
different practical applications of snake venom study.

2.1 Venom variation

Venom variation is one of the very important aspects in the study of snake venom. Snake
venom variation is essential to both basic venom research and the management of snake
envenomation (Fox & Serrano, 2008). During the selection of a snake donor for crude venom
that is to be used for research purposes, it is essential that the chosen venoms are rich in the
components of study interests (Chippaux et al., 1991). Therapeutically, the knowledge of
venom variations at all levels, including inter-species and intra-species variations, would aid
in the decision of an appropriate antivenom and allow for more effective treatment of
envenomation victims (Chippaux et al., 1991). Subsequently, the production of antivenom is
also reliant on the knowledge of venom variations.

Within our laboratory, we have attempted to develop a 2DE-based approach to investigate
the variations among the venoms of eight Malaysian snakes (Vejayan et al., 2010). Even
though there were venom proteins distributed throughout the entire 2DE profiles, as
expected with such a complex sample, a closer examination revealed that each venom
profile had its own distinguishing features. For instance, each of the three Crotalinae
venoms (Trimeresurus sumatranus, Tropidolaemus wagleri, Calloselasma rhodostoma) had profiles
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with heavy spotting of proteins at the molecular weight range 15-37kDa. The Elapidae
venoms, on the other hand, had profiles with protein spots at the molecular weight range of
15-20kDa (Fig.1). These results clearly elicited the differences of the patterns between the
Elapidae and Viperidae venoms that have been so well documented in other literatures
discussed above, thus proving the feasibility of 2DE as an ancillary taxonomic tool (Calvete
et al., 2009; Nawarak et al., 2003). Apart from inter-family difference in venom compositions,
the 2DE analysis of the eight Malaysian snake venoms also demonstrated the obvious
pattern of train of spots due to post-translational modifications in venom proteins (Fig. 1).
Similarly, Guercio et al (2006) performed 2DE analysis on crude Bothrops atrox venoms
obtained from three different stages of maturation - juveniles, sub-adults and adults . The
2DE profiles obtained demonstrated the alteration that occurred in the proteome
composition of snake venoms following progression in developmental stages. Subsequently,
the group identified new groups of ontogenetic molecular markers - for instance, P-III class
metalloproteinases and serine proteinases were more abundant in juveniles while P-I class
metalloproteinases were more abundant in adults.
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Fig. 1. 2DE images of venoms, (A) Trimeresurus sumatranus (Crotalinae) with scattered spots
in region of 15 -37kDa while (B) Bungarus fasciatus (Elapidae) with spots predominantly at
range of 15-20kDa. The boxed I zone show heavy spotting of acidic proteins for (A)
compared to protein clustering in the lower right region, that is, the basic and lower
molecular mass proteins (<20kDa) as shown for (B). Arrows indicate trains of spots due to
post-translational modifications. Only two out of the eight 2DE venom profiles are shown
here (Vejayan et al., 2010).

2.2 Envenomation pathology

2DE also plays a role in the study of envenomation pathology and antivenom mechanisms.
2DE profiles can clearly demonstrate the venom components that are most immunogenic. In
a study conducted by Correa-Netto et al (2010), crude Bothrops jararacussu venom
fractionated by non-reducing 2DE was submitted to immunoblot analysis using anti-
jararaca, anti-jararacussu and anti-crotalid sera. The results showed that the anti-jararaca
and anti-jararacussu sera showed immune reactivity for venom proteins between 30 and
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97kDa. The study also showed cross-reactivity of B. jararacussu venom with anti-crotalid
serum. The importance of these results was that they allowed for the identification of the
groups of proteins responsible for the horses” immune response in the process of antivenom
production.

To investigate the effects of Echis carinatus envenomation on the human plasma proteome,
an in vitro model utilizing 2DE as one of its core techniques has been established in two
studies (Cortelazzo et al., 2010; Guerranti et al., 2010). The results from these two studies
showed that 2DE was capable of demonstrating global proteomic changes when the human
plasma was incubated with the E. carinatus venom. Upon comparison with the 2DE profile
of the untreated control plasma, the 2DE profile of the human plasma treated with E.
carinatus venom showed that some of the protein spots entirely disappeared or had a
decreased level. Some of the protein spots in the 2DE profile of the venom-treated plasma
also showed that the appearance of some new venom-dependent fragments. These proteins
that were affected by the E. carinatus venom were identified by mass spectrometry analysis
and have important functions in the blood coagulation process, which explained venom-
induced thrombophilia in E. carinatus envenomation. The researchers, therefore, concluded
that the 2DE proteomic approach was a valid method to study the molecular mechanism of
envenomation on human blood proteins.

We tried to investigate the possibility of using the Mimosa pudica tannin (MPT) isolate as an
antivenom of plant origin against the Naja naja kaouthia venom and have utilized 2DE as one
of our core techniques in these studies. In an initial study, 2DE analysis was done on the
crude N. n. kaouthia venom and MPT-treated N. n. kaouthia venom. In comparison, the 2DE
results of the MPT-treated gel (Fig. 2A) showed a number of protein spots missing and
within them we were able to identify 6 spots using mass spectrometry analysis to be isomers
of the phospholipase A2 family of enzymes (Fig. 2) (Vejayan et al., 2007). The disappearance
of spots as detected via 2DE analysis indicated the binding mechanism of tannin from MPT
that could potentially function as an antidote to the N. n. kaouthia venom. The results from
this study, therefore, served as the preliminary findings before we progressed further into
designing an in vivo study that looked into the efficacy of MPT to neutralize N. n. kaouthia.

In a following in vivo study, the crude N. n. kaouthia venom and N. n. kaouthia venom pre-
incubated with MPT were injected into two different groups of mice (Ambikabothy et al.,
2011). There was a third group of mice in the study that served as the control group. The
blood from all three groups of mice were collected with the cardiac puncture technique and
centrifuged at 3000rpm for 10 min at 4°C to separate sera from cells. The sera from all three
groups were then subjected to 2DE analysis in order to look into the different protein
expression between the different groups of mice that had been given three different
treatments respectively. Comparative analysis of the three 2DE profiles showed that a total
of 5 protein spots were differentially expressed (>2 folds) (Fig. 3). It could be seen from the
results that the serum of the venom-treated mice showed substantial proteomic changes that
were absent from the serum of the mice treated with venom that was pre-incubated with
MPT. Four of the five protein spots (Spots 2505, 4606, 3513, 3303) were identified as serine
protease inhibitors, gelsolin, hemopexin and a2-macroglobulin respectively. These four
proteins were found to be upregulated in the serum of the venom-treated mice and could be
the most possible candidates that were causative of mortality in N. n. kaouthia
envenomation. The fifth spot, Spot 4407, could not be identified.

Based on the few examples elaborated above, it can be seen that 2DE is a versatile research
tool that can be used in various aspects of snake venom study. This is underlined by its
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Fig. 2. The 2DE profiles of (A) MPT-treated N. n. kaouthia venom (B) crude N. n. kaothia
venom alone. Both treatments, upon incubation, were centrifuged and the supernatants
were collected for 2DE analysis. The rectangular box outlined the six protein spots that had
disappeared after the venom was treated with MPT (Vejayan et al., 2007).

powerful resolving capability of separating venom proteins into hundreds of spots to
provide a realistic overview of venom complexity. Such 2DE profiles can then be further
subjected to comparative proteomic analysis for venom variation investigations. 2DE
technique can also be easily and efficiently interfaced with other biochemical techniques
(Rabilloud et al., 2010), such as immunoblot analysis, to elucidate the mechanism of
antivenom and pathology of envenomation.

In the next section, we will discuss how the resolution power of 2DE enables it to be used as
a useful sample fractionation tool before mass spectrometry analysis, thus establishing the
concept of integrative proteomics in venom study that is especially essential in novel protein
identification.

3. 2DE-MS venom proteome mapping: Its importance and challenges

While 2DE has high resolving capability, detailed analysis of venom constituents and
identification of novel proteins would not have been made possible without advances in
mass spectrometry techniques. Subsequent to these combined efforts of 2DE mapping and
protein identification by mass spectrometry, the concept of integrated proteomics has also
been established, allowing for the systematic characterization of venom proteins.

The principles of integrated proteomics can largely be described in two stages - the first
stage involves optimum sample fractionation by either electrophorectic methods (1D-PAGE
or 2DE) or trypsin digest followed by liquid chromatography, while the second stage
involves mass spectrometry analysis and database searches for protein identification
(Brewis & Brennan, 2010). The concept of integrated proteomics in snake venom study was
first pioneered with the study of venom glands from the sea snake Laticauda colubrina and
the terrestrial Vipera russelli (Rioux et al., 1998). The workflow employed was sample
fractionation by 2DE followed by a combination of Edman sequencing and amino acid
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Fig. 3. Proteomic pattern of venom injected mice serum. 20pg mice serum protein after 2DE
analysis at non-linear pH 3-10, stained by silver nitrate and 3D view of Spots 3513, 4606,
2505, 3303 and 4407 respectively in three different groups - control group (S), venom group
(V) and MPT-treated group (MPT-V) (Ambikabothy et al., 2011).

analysis. Subsequent to that, beginning in 2003, there was a rapid increase in literatures
reporting on proteomic analysis of snake venoms. Using a variety of approaches, venom
proteomes of 55 snake venoms have been analyzed (Fox & Serrano, 2008).

3.1 2DE-MS mapping of four venom proteomes

Following our initial 2DE analysis of the eight Malaysian snake venoms described earlier,
we selected four of the venoms for further study on their constituents via mass spectrometry
techniques. The four venoms selected were N. n. kaouthia (NK), O. hannah (KC), Bungarus
fasciatus (BF) and C. rhodostoma (CR) (Fig. 4). We successfully identified a total of 64 proteins
from the four venoms - 16 from N. n. kaouthia, 15 from O. hannah, 6 from B. fasciatus and 27
from C. rhodostoma respectively. All these proteins have biochemically and
pharmacologically important properties. Evidently, based on the results from this study, the
typical proteomic routine of 2DE and mass spectrometry, which was also the prototype
workflow introduced when the concept of integrated proteomics was first pioneered, has
been useful in investigating important venom constituents. Some of the major groups of
proteins are discussed in the following.
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Fig. 4. Proteome maps of the snake venoms of N. kaouthia (A), O. hannah (B), B. fasciatus (C),
and C. rhodostoma (D) with IPG 3-10 (300ug protein, 18cm), 15%T, Coomassie blue staining
showing the annotated spots of the 4 venoms. The spots were detected and annotated by
using the Image Master 2D Platinum software. These protein spots picked from the 2-DE gel
stained by Coomassie blue, tryptic-digested, extracted and analyzed in duplicates per spot
with MALDI-TOF MS in reflectron mode. The figure displays in (D) 6 annotated spots of the
low molecular weight markers (Amersham Biosciences - Uppsala, Sweden).

The phospholipase A; (PLA;) group of enzymes was identified in all 4 species (annotated as
NN10, NN11, NN12, NN13, NN45, NN46, KC5, KC6, KC9, KC10, BF1, BF2, BF4, BF7, BF9,
BF15, CR1, CR5 and CRé). At least one type of these enzymes was identified in the 4 species
studied. It is not surprising as extensive studies on venom have demonstrated the
accelerated natural selection force that drives the evolution of a multitude of extremely
potent snake toxins from an ancestral PLA, with digestive function (Monteccucco et al., 2008;
Ogawa et al., 1996). Hundreds of species of venomous snakes of the families Elapidae and
Viperidae were shown to have evolved a wide variety of venoms which contain varying
proportions of toxins endowed with PLA; activity, characterized by their neurotoxicity,
myotoxicity, as well as anticoagulant and edema-inducing properties (Boffa et al., 1976;
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Monteccucco et al., 2008; Vishwanath ef al., 1987). Hence, in snake venom, PLA; enzymes, in
addition to their possible role in the digestion of the prey, exhibit a wide variety of
pharmacological effects through interfering with normal physiological processes (Kini,
2003). It is well known that some of the most toxic and potent pharmacologically active
components of snake venoms are either PLA, enzymes or their protein complexes. For
example, all known presynaptic neurotoxins from snake venom are PLA> enzymes or
contain PLA; as an integral part (Bon, 1997; Fletcher & Rosenberg, 1997). PLA, myotoxins
are more potent and fast-acting than their non-enzymatic counterparts (Gubenek et al.,
1997).

PMF using MS also allowed the identification of long neurotoxins (NN14, KC23, KC25,
KC26, KC27 and KC33) in both the cobra species studied. Unlike presynaptic beta-
neurotoxins which exhibit varying PLA; activities, these long neurotoxins are classified as
alpha-neurotoxins which affect the post-synaptic membrane (Lewis & Gutmann, 2004). Post-
synaptic neurotoxins have only been identified in venoms from the families Elapidae and
Hydrophiidae (sea snakes). They are antagonists of the nicotinic receptor on the skeletal
muscle and display different binding kinetics and affinity for subtypes of nicotinic receptors
(Hodgson & Wickramaratna, 2002). Other significant neurotoxins, such as the muscarinic
toxin-like proteins (MTLP) (NN15, NN17 and KC32), ohanin (KC18) and thaicobrin (NN37),
were also identified in the cobra venoms.

In C. rhodostoma venom another important protein was identified - the rhodocetin (CR2), a
Ca?*-dependent lectin-related protein (CLPs), which is a potent platelet aggregation
inhibitor induced by collagen. It is a prime example of a CLP dimer, in which the two
subunits are held together by interactions and act synergistically to elicit the biological
activity, affecting platelet aggregation and blood coagulation, important in cellular
thrombosis and non-cellular processes in homeostasis (Kornalik, 1991; R Wang et al., 1999).
This protein also demonstrated the ability to antagonize stromal tumor invasion in vitro and
other a2f1 integrin-mediated cell functions (Eble et al., 2002). According to this worker, its
ability to inhibit tumor cell invasion through a collagen matrix, combined with its lack of
cytotoxicity, high solubility, diffusibility and biochemical stability, may qualify rhodocetin
to be one of the first snake venom disintegrins of potential practical importance in tumor
therapy, e.g. in attempts to interfere with stromal invasion and metastasis.

The proteomic approach applied in this study also successfully identified a significant
number of enzymes, namely zinc metalloproteinase or disintegrin (CR17, CR18 and CR43),
Ancrod or venombin A (CR25, CR27, CR30, CR31, CR32, CR33, CR34, CR40 and CR41), and
L-amino-acid oxidases (CR21, CR22, CR23, CR39), that display the well-documented
hemotoxic properties of the viper's venom. Disintegrin exhibits hemorrhagic activities by
binding to the glycoprotein IIb-Illa receptor on the platelet surface, thus inhibiting
fibrinogen interaction with platelet receptors while L-amino-acid oxidases exhibit
hemorrhagic activities by catalyzing oxidative deamination of hydrophobic and aromatic L-
amino acids (Au, 1993; Dennis et al., 1990; Gould et al.; 1990, Macheroux et al., 2001). L-
amino-acid oxidases have also recently been shown to display antibacterial properties
(Tonismagi et al., 2006). On the other hand, ancrod is a thrombin-like serine protease that
selectively cleaves the fibrinopeptides, resulting in aberrant fibrinogen that is unable to form
dispersible blood clots (Au ef al., 1993).

As discussed earlier, venom proteins have different abundances and, thus, the identification
of each of these proteins may require different methods. The high abundance proteins, for
example, causes incomplete resolubilization during equilibration, resulting in vertical
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streaking and tailing of the most intense protein spots (Berkelman et al., 2004). During the
mapping of the four selected venoms, we noticed that these vertical streaks so commonly
observed on 2DE profiles of snake venoms were particularly prominent in the 2DE profile of
B. fasciatus. The presence of these vertical streaks led to the lack of complete visualization of
the separated protein spots on the 2DE profiles, limiting the identification of these proteins
by mass spectrometry analysis.

Therefore, in order to eliminate these streaks for protein identification, various measures
were taken, for instance, prolonging the equilibration time to facilitate sufficient
equilibration, scavenging any excess or residual thiol reducing agent with iodoacetamide
before loading the IPG strips onto the 2nd dimension gel (as this reducing agent known to
exacerbate this effect) or by loading lesser content of protein. However, apart from loading
far lesser amount of venom, none of the other measures produced the desired results. As
shown in Fig. 5a and Fig. 5b, loading of only 0.8ug and 1.06pg protein, respectively, resulted
in elimination of vertical streaks. As the load of protein was increased to 1.6pg (Fig. 5¢), an
apparent vertical streak begins to show up on the 2DE gel. Apart from highlighting the
presence of certain highly abundant proteins in snake venoms, these results also
demonstrated another important aspect of venom proteome mapping by 2DE-MS - the
complete visualization of a venom proteome, additional steps must be taken, including
loading different amounts of venom, use of different staining techniques and the use of a
variety of pl ranges (Fox et al., 2002). The end result will probably show that venom
constituents are much more complex than originally shown.
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Fig. 5. 2DE profiles of B. fasciatus venom at different loading protein content during first
dimension IEF separation, IPG 3-10, 15%T, Coomassie blue staining. (a) 0.8ug protein (b)
1.06pg protein (c) 1.6pg protein (d) 35ug protein.
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3.2 Challenges in 2DE-MS venom proteome mapping

The main objective of integrated proteomics in venom study is to achieve full proteome
coverage of snake venoms. Nevertheless, despite our successful identification of major
proteins in the four venoms, a large number of other spots could not be identified, despite
displaying high-quality mass spectra. As such, researchers are constantly establishing new,
additional workflows to meet this objective and it is no longer limited to only 2DE followed
by mass spectrometry analysis in the process of proteome coverage. For example, Li et al
(2004) has described the novel identification of 124 and 74 proteins from the Naja naja atra
and Agkistrodon halys venoms respectively through the utilization of four combined
proteomic approaches, namely - (1) shotgun digestion plus HPLC with ion-trap tandem
mass spectrometry, (2) 1D-PAGE plus HPLC with MS/MS, (3) gel filtration plus HPLC with
MS/MS, (4) 2DE plus MALDI-TOF-MS. By using four different workflows to characterize
the constituents of the same venoms, each approach could compensate the detection
coverage of the venomous proteins, since it was found that a few proteins could only be
identified by one specific approach (Li et al., 2004).

While conducting database searches for protein identification during the profiling of the
four venoms, we found that the limited database for snake venom proteins could pose as a
major limitation to this approach of 2DE and mass spectrometry for protein identification.
The  Taxonomy  Browser contained in the  Entrez  database  (URL:
http:/ /www.ncbi.nlm.nih.gov) provided the total number of proteins available for
matching for each of the 4 snake venoms. The number of known proteins available, as of 16
June 2011, was 122 for N. n. kaouthia, 176 for O. hannah, 119 for B. fasciatus and 76 for C.
rhodostoma. The protein database was constructed based on the sequence data from the
translated coding regions from DNA sequences in GenBank, EMBL, and DDB] as well as
protein sequences submitted to Protein Information Resource (PIR), SWISS-PROT, Protein
Research Foundation (PRF), and Protein Data Bank (PDB) (sequences from solved
structures). It was obvious that the database was incomplete for snake venom matching,
compared with 534,370 available for Homo sapiens (human) proteins, or 88,882 for Bos Taurus
(cattle) proteins. Nevertheless, the snake venom protein database is still of value in
comparison to some other venomous species such as Chironexyamaguchii (sea wasp) with
only 2 proteins, Hadrurusaztecus (scorpion) with 1, and Dolomedesplantarius (spider) with
none, to name a few, for matching.

A closer examination of the snake venom protein database revealed the following
information. Some of the proteins were not found in the venom but were evident elsewhere
in the snake’s body, for example, the nerve growth factor (located in the nervous system),
NADH dehydrogenase and cytochrome b (located in mitochondria) and oocyte maturation
factor (located in the reproductive system). Also, most of the venom proteins were precursor
forms or polypeptide chains of the same protein, example: phospholipase PLA; precursor
and Chain A, crystal structure of L-Amino Acid Oxidase. Based on these factors, therefore,
in reality, the snake venom proteins available for matching in the database were, in fact,
much more limited. This limitation may be overcome in the future as the database for snake
venoms is developing. This is evident by comparing the number of known proteins dated
back to 3rd October 2005 (67 for N. kaouthia; 78 for O. hannah; 34 for B. fasciatus; and 60 for C.
rhodostoma) to the most recent Entrez protein database. The protein database of B. fasciatus
has shown its most promising development, displaying increment of up 250% while that of
O. hannah increased by 126%, N. kaouthia by 82%, and C. rhodostoma by 27%. If not for the
reason of incomplete database another common possibility is due to post-translational
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modification (PTM) undergone by some of the proteins. PTM of venomous protein are
common phenomenon in snake venoms. Of a number of mechanisms inducing chemical
modification of protein, glycosylation is one of the most frequently found (Li ef al., 2004). It
is expected the advances in mass spectrometry combined with posttranslational
modification database specific for venoms may solve this shortcoming. A PTM database
comprising of phosphorylation, N-glycosylation or acetylation sites is already existing and
growing steadily for nine different species (none yet for snake)(Gnad et al., 2011).

3.3 Relevance of 2DE-MS venom proteome mapping in the present proteomic
landscape

With the advances in mass spectrometry techniques, non gel-based proteomic techniques
such as LC/MS are now generally being considered as state-of-the-art, thus leaving the gel-
based 2DE technique in a questionable state as to whether it still has any relevance as a
proteomic method. Nevertheless, while the issue at hand is one that will be of continuous
debate, we should keep in mind that the limitations of 2DE are well known and are
probably most thoroughly investigated than any other proteomic techniques. Hence,
researchers who choose to utilize the technique are generally aware of the limitations and
are usually able to adapt the complexity of the sample to the resolution power of the 2DE
method by narrowing the study subject to one focus in order to reduce the sample
complexity (Rabilloud et al., 2010). For instance, in a study done by Nawarak et al (Nawarak
et al., 2003) to investigate the proteomes of a number of selected Elapidae and Viperidae
venoms, the group first fractionated the crude venoms on RP-HPLC before subjecting only
the major eluted peaks to 2DE analysis.

In addition, the robustness of the 2DE technique has been tested thoroughly and the
influence of the various parameters on the intra-laboratory reproducibility has been
investigated (Choe & Lee, 2003), thus making the 2DE process a strong technique for
proteome profile building and for subsequent deposition in databases to be accessed by
researchers worldwide to be used for reference.

Specifically in the field of venom proteome study, the 2DE technique remains important
when it comes to the study of (1) subpopulation of venom proteins and (2) post-translational
modifications (PTM) in venom proteins. In two studies that were done in similar manner,
Serrano et al (2005) and Birrell et al (2006) investigated the diversity of venom proteins in the
viperid venoms (Bothrops jararaca and Crotalid atrox) and the Australian Brown Snake venom
(Pseudonaja textilis) respectively. Taking advantage of the efficient interface of 2DE with
other biochemical techniques, the two groups of researchers subjected the obtained 2DE
profiles to immunoblot analysis with antisera raised against specific venom protein groups
that were of study interests. Serrano et al (2005) did immunoblot analysis with antisera
raised against metalloproteinase’s, serine protease and phospholipase A2. Birrell et al (2006),
on the other hand, did immunoblot analysis with antisera raised against prothrombinase
complex, heavy chain of the Factor Xa-like protease, Gla residues, textilinins and
textilotoxins. The results were specific 2DE profiles of these protein groups, giving rise to a
more thorough understanding of venom complexity and providing insights for investigators
who want to focus on these subpopulations of proteins in future studies.

Large portions of venom proteins undergo PTM (Nawarak et al., 2004). Protein spots that
have undergone PTM appeared as train of spots on the 2DE profiles, owing to their
differences in pl values that gave rise to their non-identical migration profiles (Birrell et al.,
2006). Both groups employed specific fluorescent dyes, Pro-Q Emerald and Pro-Q Diamond,
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for the study of post-translational modifications (PTM) in venom proteins (Birrell et al., 2006;
Serrano et al., 2005). Apart from specific staining methods, other modifications can also be
applied on the conventional 2DE protocol for the study of PTM. Nawarak et al (2004)
performed lectin-affinity purification using Sepharose-bound Con A to fractionate venom
glycoproteins. The bound glycoproteins were then eluted and studied using 2DE followed
by mass spectrometry.

Furthermore, through efforts of venom proteome mapping by 2DE-MS, major protein groups
have been identified, as evident from our results elaborated in Section 3.1. These proteins have
potential values when it comes to pharmaceutical and diagnostic uses. The purification of
these proteins is thus slowly emerging as another new aspect of investigation when it comes to
snake venom research. Therefore, the profiling of these proteins on 2DE maps that can be
stored in a reference library for the use of researchers worldwide will be very useful when a
researcher wants to use these profiled protein spots for the purpose of 2DE-guided
purification, a technique that will be described in greater details in a following section.

4. Modifications to the 2DE protocol

4.1 Spiking
In performing high-performance liquid chromatography (HPLC), a concept known as co-
injection can be used to help identify unknown compounds. To perform co-injection, a process
known as spiking has to be done. Spiking is done by first mixing a synthesized or isolated
standard (some are available commercially) with the sample containing the compound to be
identified and subsequently, if the co-injected standard and unknown compounds co-elute,
then the relative peak intensity of the unknown compound on the chromatogram of the spiked
sample will be higher than that for the unspiked sample (Peters et al., 2005). Co-elution
supports, but does not prove, the idea that the compounds are identical.

The spiking concept from HPLC was then adapted to proteomics and 2DE. It can be

demonstrated by using alpha-bungarotoxin from the Bungarus multicinctus (Many banded

krait) venom (Vejayan et al., 2008) using the following steps:

1. Crude B. multicinctus venom was first subjected to 2DE analysis on an 18cm format gel,
using the conventional 2DE protocol without any modification (Fig.6). Crude venom,
containing 0.8ug protein, was loaded onto the IPG strip via a sample-loading cup on the
anodic end.

2. A second 2DE analysis is done on the same venom, but with one modification - instead
of using a single sample loading cup in IEF, two sample loading cups were used. One of
the cups was placed at the anodic end (designated as Cup A) and loaded with crude B.
multicinctus venom (0.8jug protein) alone while the other cup was placed at the cathodic
end (designated as Cup B) and loaded with commercially purchased purified B.
multicinctus alpha-bungarotoxin (0.1pg protein) (Fig. 7). The remaining of the first and
second dimension separations was done as per the usual conventional 2DE protocol.

3. Both the 2DE profiles obtained from Steps 1 and 2 were then subjected to comparative
analysis using the Image Master 2D Platinum software. A spot of increased intensity
was identified on the 2DE profile obtained from Step 2. The increase of intensity was
quantified as a 2.5 fold increase in the % volume (Fig. 8).

4. The spot with increased intensity was cleaved and subjected to MALDI-TOF-MS
peptide mass fingerprinting. The protein was identified and confirmed as alpha-
bungarotoxin.
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Fig. 6. Step 1 of spiking technique: 2DE analysis of the crude B. multicinctus alone (0.8ug
protein) was done on an 18cm format gel using the conventional 2DE protocol.
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Fig. 7. Step 2 in spiking technique: A second 2DE analysis was done using two sample
loading cups - Cup A at the anodic end is loaded with crude B. multicinctus venom while
Cup B at the cathodic end is loaded with pure alpha-bungarotoxin.

This method was initially conceptualized with the intention to locate the spot of alpha-
bungarotoxin on the 2DE profile of B. multicinctus by simply identifying the “spiked spot”,
which was the spot of increased intensity, without using any mass spectrometry technique.
However, we have also found the technique useful when we needed to affirm the identity of
a compound purified from snake venom. After we have successfully purified rhodocetin
from the venom of C. rhodostoma, we spiked the purified protein on the crude C. rhodostoma
venom and found a spot of increased intensity that matches to the rhodocetin spot on the
2DE profile of C. rhodostoma. The usefulness of spiking for this purpose can be better
demonstrated in the following section.

4.2 2DE-guided purification

In recent years, natural products drug discoveries have received a renewed interest and
snake venoms are also being investigated for pharmacologically important components.
Once a crude venom has been identified as an active source, bioassay-guided purification is
typically used to isolate the active component. While the general paradigm of this process
can be relatively straightforward in the academic laboratory setting, the design of a suitable
bioassay can present as a practical challenge to the whole purification process.
Notwithstanding the fact that the design of a bioassay has to take into consideration some
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Fig. 8. Step 3 in spiking technique: Comparative analysis between the unspiked (a) and
alpha bungarotoxin-spiked (b) 2DE profiles showed a spot with increased intensity (the
spiked spot). The inset 3D figures showed a % volume increase quantified at 2.5 fold. The
spiked spot was later confirmed as alpha-bungarotoxin by mass spectrometry.

important criteria - sensitivity, specificity, lack of ambiguity, accuracy, reproducibility and a
reasonable cost - some bioassays also have lengthy turnaround time and require high
amount of the active component, thus posing as challenges to the progression of the
fractionation process.

All the above elaboration on the challenges of purifying therapeutically important proteins
from snake venoms can perhaps be best illustrated using rhodocetin as an example.
Rhodocetin is a CLP from the venom of C. rhodostoma and has been investigated for
important therapeutic properties including platelet aggregation inhibition and stromal
invasion inhibition. Two previous groups of researchers have employed bioassay-guided
purification to purify this important protein. Wang et al (R Wang et al., 1999) has employed
the use of a platelet aggregation bioassay that required the use of human and rabbit blood
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collection and the inhibition of platelet aggregation would prove the presence of rhodocetin.
Eble et al (2002) on the other hand, utilized the ELISA-like procedure to detect the inhibition
of the binding between «lf2 integrin with type I collagen by rhodocetin. Given the
importance of rhodocetin as a potentially therapeutic component, we would like to have
purified rhodocetin in our laboratory for the purpose of further investigations. However, we
were confronted by a few challenges in wanting to do so. Firstly, rhodocetin has yet to be
made available as a commercially sold purified protein. Secondly, the purification of
rhodocetin, as described above, required the design of complicated bioassays.

In view of all these mentioned challenges in rhodocetin purification, we attempted to find

an alternative to bypass the requirement of a bioassay to purify rhodocetin. As such, we

hypothesized that a concept known as “2DE-guided purification” would be able to achieve
this purpose (Tang et al., 2011). The concept of 2DE-guided purification is essentially using
the presence of a protein spot on the 2DE gel as an indication of the presence of a protein
within a particular sample. As discussed in Section 3, following our efforts of venom

proteome profiling, rhodocetin has been successfully identified on the 2DE profile of C.

rhodostoma. We could, therefore, take advantage of this result and use it for the 2DE-guided

purification of rhodocetin, of which will be described in a detailed step-by-step description
as follows:

1. The crude venom of C. rhodostoma was subjected to 2DE analysis on a 7cm format
minigel. The 2DE profile obtained was then compared with our previous work of
profiling the crude C. rhodostoma venom on a larger 18cm format 2DE gel. The
rhodocetin spot was identified on the minigel, cleaved and sent for MALDI-TOF-MS
peptide mass fingerprinting (Fig. 9). It was successfully identified as the alpha subunit
of rhodocetin.

2. The crude C. rhodostoma venom was then subjected to fractionation by liquid
chromatography. Out of the various chromatography techniques for protein
purification, we have selected anion-exchange using the column Mono Q 5/50 GL
(1ml). The chromatography profile showed six eluted peaks and we designated the
peaks as U, P1, P2, P3, P4 and P5 (Fig. 10). The fractions of these peaks were collected
for the subsequent desalting process.

3. The desalting process involves size exclusion chromatography using G25 HiTrap
Desalting column. Interestingly, while each of the peaks typically gave a single protein
peak upon desalting, P2 was an exception as it produced two distinct peaks on its
desalting profile. As such, we assumed that the G25 gel filtration has further
fractionated the contents of P2 and we designated the two peaks as DP1 and DP2 (Fig.
11).

4.  After the two-step protein fractionation process, we collected seven peaks based on the
chromatography profiles. All the seven peaks were then subjected to 2DE analysis
respectively on minigels. The resulting profiles were then compared to the C. rhodostorma
profile done in Step 1. Out of the seven profiles, only the profile of DP2 showed the
presence of the rhodocetin spot. Therefore, we could conclude that the peak DP2
contained rhodocetin (Fig. 12).

5. To conclude the purification process, it was essential for us to determine the
homogeneity of DP2, in order to decide if any further cycle of fractionation was
necessary. The SDS-PAGE of DP2 showed two distinct bands at the low molecular
weight region (Fig. 13) that was characteristic of purified rhodocetin, as shown by
previous groups of researchers (Eble et al., 2002; R Wang et al., 1999).
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6. Finally, to further confirm the identity of the purified compound as rhodocetin, we
employed the spiking technique, as described in Section 4.1, by loading the crude C.
rhodostoma venom into a sample loading cup located at the anodic end and the purified
compound into another sample loading cup at the cathodic end. A spiked spot was
identified and upon comparison with the 2DE profile of the unspiked crude C.
rhodostoma venom, the location of the spiked spot correspond to the location of the
rhodocetin (alpha subunit) and the increase in intensity was quantified at 1.6 fold (Fig.
14). Together, these confirmed the identity of the purified compound as rhodocetin.

STEP 1
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Fig. 9. Step 1 of 2DE-guided purification: 2DE profile of C. rhodostoma (60ug protein) with
the rhodocetin (alpha subunit) spot annotated. The profile was obtained by IEF on a 7cm
IPG strip (pH 3-10) and the proteins subsequently separated in the second dimension by
15% SDS-PAGE. The separated proteins were visualized by Coomassie Brilliant Blue
staining.



The Role of Conventional Two-Dimensional Electrophoresis

(2DE) and Its Newer Applications in the Study of Snake Venoms 241
STEP 2 u
ALy
100
" P2
it
P
40 ] P3
1) ]
P35
P1 /\
u L NS o \__
oo ’ 50 ) 100 ’ T wa 00 T oml

Fig. 10. Step 2 of 2DE-guided purification: Anion-exchange to fractionate crude C.
rhodostoma venom - 5mg of crude C. rhodostoma venom dissolved in 250l of 20mM Tris-
HCI, pH 8.5 and loaded into a Mono Q 5/50 GL (1ml) column, equilibrated with 20mM Tris-
HCI, pH 8.5. Six peaks (U, P1, P2, P3, P4 and P5) were obtained.
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Fig. 11. Step 3 of 2DE-guided purification: The chromatography profile obtained when P2
fraction collected from the Mono Q column was directly injected into a G25 HiTrap

Desalting column, equilibrated with distilled water. Two peaks of DP1 and DP2 were
obtained.
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Fig. 12. Step 4 of 2DE-guided purification: 2DE assay was done on the seven collected peaks
after the fractions were desalted and lyophilized. The 2DE profile of each peak is shown
here and the small area outlined by the black grids on each 2DE gel represents our area of

interest in which rhodocetin (alpha subunit) spot should have been present. The 2DE profile
of DP2 clearly showed the presence of the alpha and beta subunits of rhodocetin.
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Fig. 13. Step 5 of 2DE-guided purification (SDS-PAGE): Homogeneity of purified rhodocetin
from DP2 assessed using 15% SDS-PAGE. The purified rhodocetin showed two distinct
bands due to the separation of the heterodimer into its alpha and beta subunits by SDS
denaturation. The separated bands were visualized with both (A) Coomassie Brilliant Blue
and (B) silver staining. (A) Lane 1: GE Healthcare Low Molecular Weight (LMW) markers;
Lane 2: DP1; Lane 3: blank; Lane 4: DP1; Lane 5 and 6: blank; Lane 7: DP2; Lane 8 and 9: blank;
Lane 10: DP2. (B) Lane 1: GE Healthcare LMW markers; Lane 2: DP1; Lane 3: blank; Lane 4:
DP1; Lane 5: blank; Lane 6: DP2; Lane 7 and 8: blank; Lane 9: DP2; Lane 10: blank. The blank
wells were intentionally skipped to prevent any effect of inter-well spillage.
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Fig. 14. Step 6 of 2DE-guided purification (spiking): (A) Area of interest on the 2DE profile
of crude C. rhodostoma venom with the rhodocetin (alpha subunit) spot labelled. (B) The
same area showing the spot of spiked rhodocetin with an observed increased intensity. (C)
3D representation views of the rhodocetin (alpha subunit) spot on the crude venom alone
and (D) the spiked rhodocetin (alpha subunit) spot, with the latter spot having a quantified

1.6 fold increase in intensity.
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Based on our results, we have successfully proved that rhodocetin could be purified using
2DE-guided purification. 2DE profile, in place of an assay, is sufficiently selective and
specific to determine which peak contained rhodocetin, therefore allowing us to decide
which peak should be selected for further fractionation. While we have only described the
use of this method using rhodocetin and C. rhodostoma, 2DE is a versatile technique that can
be applied to any sample, as long as it is protein containing (Carrette et al., 2006; O' Farrell,
1975). Therefore, we see that this concept is probably one of the most important innovations
that we have developed for our laboratory; especially given the fact that 2DE has undergone
much development and effort of standardization since its initiation. These efforts have
helped to improve 2DE to become a method with a standardized protocol that requires little
optimization and is often reproducible. Hence, the following few paragraphs will discuss a
few aspects of 2DE-guided purification that may be of concerns to researchers who are
interested to utilize this concept in their own laboratories to purify therapeutically
important proteins from snake venoms.

We have intentionally selected 2DE over the one-dimensional electrophorectic method
SDS-PAGE as the assay to guide our progression in the purification process of rhodocetin,
despite the fact that SDS-PAGE could be done much more easily. Given its one-
dimensional separation capability, SDS-PAGE has only limited differentiation efficiency
of crude venom proteins, owing to the overlapping of protein bands with similar
molecular weights (Soares et al., 1998). The protein spots on the 2DE profile, on the other
hand, are more specific and are more definite indications of the presence of the proteins in
a particular sample.

One of the major limitations of 2DE has always been the time required to perform a single
run. The time needed to complete a general large format 2DE gel is often estimated to be 3-5
days (Carrette et al., 2006; Felley-Bosco et al., 1999). Nevertheless, we have selected minigels
to be used as our assays in 2DE-guided purification. This has decreased the overall time
required, making it possible to complete several simultaneous runs in a single day (Felley-
Bosco et al., 1999). In our context of study, the utilization of minigels was also adequate in
identifying the rhodocetin spot by comparing the crude C. rhodostoma profile on the minigel
with that previously done on a larger 18cm format 2DE gel. This is in line with the findings
of a study that has also shown that data transfer between large format gel and minigel was
compatible (Felley-Bosco et al., 1999). Besides, with the recent advent of 2DE innovations
such as the bench top proteomics system ZOOM® IPGRunner™ System (Invitrogen) that
allows for rapid first and second dimension protein separation in 2DE, any laboratory can
achieve high-resolution 2DE faster, simpler and easier (Pisano et al., 2002).

The detection of spots in 2DE relies critically on the staining method and our utilization of
Coomassie Brilliant Blue has been sufficiently sensitive for our progression. The two
common staining methods, silver staining and Coomassie Brilliant Blue, stain between 0.04-
2ng/mm? and 10-200ng/mm? respectively (Wittman-Liebold et al., 2006). Several recent
modifications to the Coomassie Brilliant Blue staining protocol has also greatly increased its
sensitivity (Pink et al., 2010; X Wang et al., 2007). As such, the 2DE assay is a sensitive one
requiring relatively low amount of sample, as compared to certain bioassays. In addition,
the sensitivity of this technique is expected to improve with the development of fluorescent
staining (Yan ef al., 2000). This is especially important, since progression into further cycle of
fractionation only results in reduction of the available sample while bioassay-guided
purification of venom'’s neurotoxins utilizing animal assays require fairly large amount of
the sample material (Escoubas et al., 1995). Although a microinjection technique has been
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described to address this issue, this technique can be labour intensive and time consuming
(Escoubas et al., 1995).

Since liquid chromatography frequently employs salt gradient and utilizes non-volatile
buffer (such as Tris-HCI), salt can still be present even after desalting and lyophilisation of
the peaks. This was evident by our inability to increase the voltage during IEF resulting in
underfocusing of the protein spots. Subsequently, whenever this problem appeared, we
prolonged the IEF protocol to an overnight running by introducing an additional first step
of 50V at step and hold for 12h. This was found to improve IEF and voltage could be
increased up to 5000V. This is in line with the concept of electrophoretic desalting described
by Gorg et al (1995) in which samples with high salt concentration were directly desalted in
the IPG strip using a low voltage during the first few hours of IEF. Davidsson et al (2002)
also previously reported that such prolonging of IEF run could improve the problem of
incomplete focusing due to the presence of ampholytes in cerebrospinal fluid samples.

The biggest limitation of 2DE-guided purification is its dependence on protein profiling
efforts and publications of 2DE reference maps. In our study, without prior profiling of
rhodocetin into the 2DE reference map of CR, the rhodocetin spot will not be located and
consequently, it will be impossible to determine the presence of rhodocetin in the
chromatography peaks by 2DE testing. However, this challenge show prospects of
improvisation as protein profiling efforts continue to be on the rise in recent years.

5. Conclusion

We hope that the role of 2DE in snake venom study has been effectively underlined in this
chapter. While the present setting in the field of proteomic methods is one that tends to incline
towards the rapidly advancing non-gel based proteomic methods, it is obvious that 2DE still
has the advantages of being a robust technique with high resolution power. In terms of
investigating the complexity of snake venoms, it is evident that the application of 2DE is not
limited to only whole proteome analysis for taxonomic and envenomation pathology
investigations, but is also feasible as an assay in the multistep protein purification process for
pharmacologically important venom proteins. There is no standardized workflow as to how
2DE should be used in the investigation of snake venoms. Depending on the objective of the
study, 2DE should be innovatively used along with other proteomic methods and its protocol
should be appropriately modified in order to meet the study objectives.
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1. Introduction

Onions are grown as an annual plant for commercial purposes; although since they are
biennial it takes two seasons to grow from seed to seed. Bolting (flowering) of onion plants
is determined by two factors, the size of the plant and cold temperatures. The critical size for
bolting occurs when the onion reaches the five-leaf stage of growth. If onions are seeded in
early fall, warm temperatures will result in sufficient size for bolting in the subsequent
winter. Early transplants and some onion varieties are especially susceptible to bolting
during cold temperatures. However, cold temperatures are not the sole prerequisite for
bolting. If onions are not at the critical size in their development, they do not recognize cold
as a signal to initiate bolting. Thus, sowing and transplanting at the correct time of year is
the most important factor to avoid premature bolting.

Genetic and molecular studies of Arabidopsis have revealed a complicated network of
signaling pathways involved in flowering time (Boss et al., 2004; Macknight et al., 2002;
Putterill et al., 2004). Four genetic pathways, which are known as the photoperiod,
autonomous, vernalization, and gibberellin (GA) pathway, have been identified based on
the phenotypes of flowering time mutants (Koornneef et al., 1998). The photoperiod
pathway includes genes whose mutants show a late flowering phenotype under long day
(LD) conditions that is not responsive to vernalization treatments. This pathway contains
genes encoding photoreceptors such as PHYTOCHROME (PHY), components of the
circadian clock, clock associated genes such as GIGANTEA (GI) (Fowler et al., 1999; Park
et al,, 1999), and the transcriptional regulator CONSTANS (CO) (Putterill et al., 1995).
FLOWERING LOCUS T (FT) (Kardailsky et al., 1999; Kobayashi et al.,, 1999) and
SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1) (Lee et al., 2000) are targets of CO
(Samach et al., 2000). The autonomous pathway includes genes whose mutants show a
late flowering independently of day length that can be rescued by vernalization. Genes
included in this pathway are FCA, FY, FVE, FLOWERING LOCUS D (FLD), FPA,
FLOWERING LOCUS K (FLK), and LUMINIDEPENDENS (LD) (Ausin et al., 2004; He et
al., 2003; Kim et al.,, 2004; Lee et al, 1994; Lim et al., 2004; Macknight et al., 1997;
Schomburg et al., 2001; Simpson et al., 2003). They regulate FLOWERING LOCUS C (FLC)
(Michaels and Amasino, 1999), a floral repressor, through several different mechanisms
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such as histone modification and RNA binding (Simpson, 2004). Some genes of this
pathway are also involved in ambient temperature signaling (Blazquez et al., 2003; Lee et
al, 2007). The vernalization pathway includes genes whose mutations inhibit the
promotion of flowering by vernalization. Genes included in this pathway are
VERNALIZATION  INSENSITIVE3  (VIN3), @~ VERNALIZATION1 (VRN1), and
VERNALIZATION2 (VRN2) (Gendall et al., 2001; Levy et al., 2002; Sung and Amasino,
2004). The GA pathway includes genes whose mutations show a late flowering especially
under short day (SD) conditions. This pathway has GA biosynthesis genes, FLOWERING
PROMOTIVE FACTORI1 (FPF1), and genes involved in GA signal transduction (Huang et
al., 1998; Kania et al., 1997). GAs have been known to positively regulate the expression of
floral integrator genes such as SOC1 and LEAFY (LFY) (Blazquez et al., 1998; Moon et al.,
2003).

We report here, genetic and molecular evidences for regulation of bolting time in onion
plants using a late bolting-type cultivar (MOS8) and an very early bolting-type cultivar
(Guikum). We screened the proteins extracted from onion plants with different bolting times
by using a proteomic approach and identified a protein with significant similarities to
chromodomains of mammalian chromo-ATPase/helicase-DNA-binding 1 (CHD1) or
heterochromatin protein 1 (HP1). Furthermore, we examined in wvitro histone
methyltransferase (HMTase) activity using purified protein isolated from onion plants. Our
results suggest that a floral genetic pathway in controlling bolting time may be involved in
onion plant.

2. Methodology

2.1 Plant growth and cutivars

Two onion cultivars, MOS8 (Eul-Tai Lee et al. 2009) with a late bolting phenotype and
Guikum (provided by Kaneko seed Co., Japan) with a very early bolting phenotype, were
used in this study. F; plants produced from crosses between MOS8 and Guikum were self-
pollinated to produce F, populations. Based on the segregation ratio of bolting, inheritances
of F> generations were evaluated. Bolting was assayed from the time of transplantation into
the field to the first open flower.

2.2 Northern

Total RNA was extracted from leaves using an RNeasy plant Mini Kit (Qiagen, USA)
according to the manufacturer’s instructions. About 15 pg of total RNA was separated via
electrophoresis on a 1.2% formaldehyde-agarose gel and then transferred onto a Hybond-N+
membrane (Amersham, USA) by capillary action (Sambrook et al. 1989). The full-length
open reading frame (ORF) regions of Arabidopsis FRIGIDA (FRI) and FLC were amplified
from cDNAs prepared from Arabidopsis seedlings. These fragments were labeled with [a-32P]
and used as Northern blot probes. Hybridization was performed for 20 h at 68°C, and the
filters were washed with 2 xSSC, 0.1% SDS at 68°C for 20 min and 1xSSC, 0.1% SDS at 37°C
for 30 min. The filters were exposed to X-ray film at -70°C for 3-7 days.

2.3 2-DE
The meristematically active parts (200 mg) isolated from onion plants were homogenized
with lysis buffer containing 8 M urea, 2% NP-40, 5% B-mercaptoethanol, and 5% polyvinyl
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pyrrolidene, and then assayed by 2-DE (Yang et al. 2005). Extracted protein samples (100 pg)
were separated in the first dimension by isoelectric focusing (IEF) tube gel and in the second
dimension by SDS-PAGE. Electrophoresis was carried out at 500 V for 30 min, followed by
1000 V for 30 min and 5000 V for 1 h 40 min. The focusing strips were immediately used for
SDS-PAGE or stored at —80°C. After electrophoresis of the first dimension, the focusing
strips were incubated for 15 min in equilibration buffer I (6M urea, 2% SDS, 50mM Tris-HCl
[pH 8.8], 30% glycerol, 1% DTT, and 0.002% bromophenol blue) and equilibration buffer II
(6 M urea, 2% SDS, 50mM Tris-HCl [pH 8.8], 30% glycerol, 2.5% iodoacetamide, and
bromophenol blue). Equilibrated strips were then run on an SDS-PAGE gel as the second
dimension. The gels were stained with Silver Stain Plus and the image analysis was
performed with a FluorS MAX multimager (Bio-Rad, Hercules, CA).

2.4 N-terminal sequencing analysis

Proteins were electroblotted onto a polyvinylidene difluoride (PVDF) membrane (Pall, Port
Washington, NY) using a semidry transfer blotter (Nippon Eido) and visualized by
Coomassie brilliant blue (CBB) staining. The stained protein spots were excised from the
PVDF membrane and applied to the reaction chamber of a Procise protein sequencer
(Applied Biosystems, Foster city, CA). Edman degradation was performed in accordance
with the standard program supplied by Applied Biosystems. The amino acid sequences
were compared to known proteins deposited in NCBIBLAST databases.

2.5 Mass spectrometry

Protein spots were excised, destained from 2-DE gels, dehydrated, reduced with DTT,
alkylated with iodoacetamide, and digested with trypsin in accordance with the
recommended procedures. Samples were then analyzed by Matrix-assisted laser desorption-
ionization time-of-flight mass spectrometry (MALDI-TOF) MS on a Voyager-DE STR
machine (Applied Biosystems, Framingham MA). Parent ion masses were measured in the
reflectron/delayed extraction mode with an accelerating voltage of 20 kV, a grid voltage of
76.000%, a guide wire voltage of 0.01%, and a delay time of 150 ns. A two-point internal
standard for calibration was used with des-Argl-Bradykinin (m/z 904.4681) and
angiotensin 1 (m/z 1296.6853). Peptides were selected in the mass range of 700 - 3000 Da.
For data processing, the MoverZ software program was used. Peak annotations were
checked manually to prevent non-monoisotopic peak labeling. Monoisotopic peptide
masses were used to search the databases, allowing a peptide mass accuracy of 100 ppm and
one partial cleavage. To determine the confidence of the identification results, the following
criteria were used: minimum of four must be matched, and the sequence coverage must
be greater than 15%. Database searches were performed using Protein Prospector (http://
prospector.ucsf.edu), ProFound (http:// www.unb.br/cbsp/paginiciais/profound.htm),
and MASCOT (www.matrixscience.com).

2.6 Enzyme assays

HMTase assays were carried out at 30°C for 1 h in 20 pl volumes containing 50mM Tris-HCl
(pH 8.5), 20mM KCl, 10mM MgCl,, 10mM B-mercaptoethanol, 250mM sucrose, 8 pg/pl
histone from calf thymus (Roche, USA), 220 nCi of S-adenosyl-i-[methyl-1#CJmethionine
([“C]SAM), and protein extracts prepared from onion plants. Methylation reactions were
stopped by the addition of SDS-PAGE sample buffer, separated on a 16% polyacrylamide
gel, and analyzed by autofluorography.
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3. Results

3.1 Genetic inheritance of bolting in onion plants

In order to understand to the genetic control of bolting in onion plants, we crossed late
bolting-type cultivar (MOS8, days to bolting=165-170 days) with very early bolting-type
cultivar (Guikum, days to bolting=130-135 days). The bolting phenotypes of F; generations
were similar to those of late bolting-type cultivars (data not shown). This suggests that
genetic loci affecting bolting may be present in onion plants. Subsequent analysis of the
inheritance distribution in F, generations is shown in Figure 1. Table 1 shows the
distribution pattern and segregation ratio (late bolting:early bolting = about 3:1) indicating
that bolting time depends on the segregation of any gene where the dominant allele confers
lateness. Furthermore, bolting phenotypes of onion cultivars were reduced by long exposure
to cold (E.T. Lee, personal communication). Given the crosses between late and very early
bolting onion varieties, and effects of low temperature in onion plants, it appears likely that
the genetic basis involved in the regulation of bolting time in onion is similar to that of
vernalization requirement in plant species (Sung and Amasino, 2005). Genetic and
molecular studies in various winter-annual and summer-annual accessions of Arabidopsis as
a model plant have shown that FRIGIDA (FRI) and FLC have important functions in
distinguishing winter-annual habits and summer-annual habits in Arabidopsis accessions
(Clarke and Dean, 1994; Gazzani et al., 2003; Shindo et al., 2005). We assessed the expression
patterns of these two genes in MOS8, Guikum, and F; plants (derived from crosses between
MOS8 and Guikum) by northern hybridization (data not shown). The ORF regions of FRI
and FLC amplified from Arabidopsis seedlings were used as probes. The mRNA levels of the
FRI and FLC were strongly increased in the late-bolting-type cultivar, MOS8 ; however, the
levels of FRI and FLC expression were significantly decreased in the very early-bolting-type
cultivar, Guikum. These results suggest that the bolting time observed in onion plants may
be affected by changes in FRI and FLC expression. However, we cannot dismiss the
possibility that loci other than FRI and FLC may affect the bolting time of onion plants.
Consistent with this idea, flowering in cereals is principally controlled by VERNALIZATION
1 (VRN1) and VERNALIZATION 2 (VRN2), which encode APETALA1 (AP1)-like MADS box
transcription factor and CONSTANS (CO)-like transcription factor, respectively (Trevaskis et
al. 2003; Yan et al. 2004). Bolting time in other plant species are also determined by a
relatively small number of loci, either dominant or recessive locus. With Hyocyamus niger
(henbane), the biennial habit is governed by a single dominant locus, whereas this habit is
governed by a single recessive locus in Beta vulagris (sugar beet) (Abegg, 1936; Lang, 1986).

3.2 2-DE analysis in onion plants

In order to examine the components involved in the control of bolting time in onion, we
checked protein profiles of MOS8 and Guikum by using a 2-DE proteomics approach. The
inner basal tissues of onion bulbs grown for 96 days after transplanting were used for
proteomics analysis, because bolting is initiated in this region after cold treatment (Fig. 2a).
Initial 2-DE analysis of soluble proteins from onion plants was performed using an IEF
range of pH 3 to 6 (data not shown). Because the use of appropriate pH gradients is an
effective way to reduce overlapping spots, additional analysis with pH 4 to 6 immobiline
pH gradient (IPG) strips was performed (Fig. 2b). After CBB staining, several differences in
protein accumulation profiles were detected in onion plants with different bolting times.
Although many spots were differentially accumulated in onion plants, we failed to obtain
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Fig. 1. Distribution patterns of bolting time in F, populations derived from crosses between
(a) MOSS (late bolting type) and (b) Guikum (very early bolting type) onion cultivars. These
onion cultivars used in this study were inbred lines. The “days to bolting” time were
calculated when 80% of the total population of onion plants had bolted.

. Very earl Late flower . Test
Variety Total ﬂowei, bolti};g bolting Ratio ratio @ P
MOS8 56 0 56 -
Guikum 48 48 0 -
MOS8 x Guikum 152 31 121 1:3.9 1:3 1.719 0.001

Table 1. Genetics of crossing MOS8 (Late bolting type) with Guikum (Very early bolting
type) to identify genes that confer a vernalization response.
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Inner basal tissues

(@) The inner basal tissues of onion bulb used for proteomics analysis. IL inner layers, ML middle layer,
OL outer layer.

(b) Protein analysis was performed using medium-range IPG strips with pH range from 4 to 6. The
protein spots were identified by protein sequencing and MALDI-TOF MS analysis. Molecular masses
(kilodalton) are shown on the left and pl ranges at the top comers of each figure.

Fig. 2. Two-dimensional gel electrophoresis of proteins isolated from onion plants (MOS8
and Guikum).
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sufficient amounts from many of these spots for successful protein sequencing. Thus, we
chose seven protein spots significantly changed in accordance with the degree of bolting
time. The amino acid sequences of the differentially regulated proteins were analyzed by
protein sequencing (Table 2). Homology searches were performed using the BLAST search
tool. N-terminal sequences were successfully obtained for only one protein (spot 7). The
remaining proteins were analyzed by MALDI-TOF MS. Among the other six proteins, three
proteins (spots 1, 5 and 6) were not identified, whereas three proteins (spots 2, 3 and 4) were
identified as actin, tubulin and keratin.

Spot No.2  pl/kDab Sequences¢ Homologous protein (%) Acci\ei)smn
1 48/46 N-blocked / MSd Not hit -
2 5.0/43 N-blocked/MS Actin 1 (96) P53504
3 5.1/39 N-blocked/MS Tubulin alpha 2 chain (89) Q96460
4 5.2/40 N-blocked/Ms ~ Keratin type(g(gytosmetal L posoes
5 5.4/23 N-blocked/MS Not hit -
6 5.2/23 N-blocked/MS Not hit -
Chromodomains of 23]13:%?_?
7 49/17 N-ARTLQTARRSTGGKAP mammalian CHD1 or HP1 1GUW B
proteins (93) IKNE P

aSpot numbers are shown in Fig. 2.

bpl and molecular mass (kDa) are from the gel in Fig. 2.

‘N-terminal amino acid sequences are determined by Edman degradation.
{MALDI-TOF MS.

Table 2. Identification of onion proteins whose abundance varied significantly among onion
plants with different bolting time

Interestingly, the amino acid sequence of spot 7 showed significant similarities to several
chromodomain regions of mammalian CHD1 or HP1 proteins, though we could not
confidently identify an onion protein homologous to this spot in the database because of the
short amino acid sequence and poorly characterized onion genome (Fig. 3). The
chromodomain appears to be a well conserved motif, because it can be found in wide range
of organisms such as protists, plants, amphibians, and mammals (Eissenberg, 2001).
Furthermore, proteins with this chromodomain are known as both a positive and negative
regulator of gene expression in various developmental processes (Hall and Georgel, 2007).
For instance, two tandem chromodomains of CHDI1 protein are known to interact with
methylated lysines on histones, which include H3K4me, H3K36me and H3K79me,
associated with active chromatin, thereby inducing active transcription (Flanagan et al,,
2005; Sims et al., 2005). However, the chromodomain of the HP1 protein recognizes and
binds to H3K9me for promotion of heterochromatin formation (Jacobs and Khorasanizadeh,
2002; Nielsen et al., 2002). Therefore, chromatin remodeling factors with chromodomains
may play an important role in regulating gene expression. Because there is a dramatic
change in the chromatin in meristematic regions such as inner basal tissues used in this
study.



260 Proteomic Applications in Biology

Onion ARTLQTARRSTGGKAP_ _ _ _
2B2W_D  ARTXQTARKSTGGKAPRKQY
3FDT_T  ARTKQTARXSTGGKA__ _ _ _
1IGUW_B ARTXQTARXSTGGKAPGG

IKNE_P  ARTKQTARXSTGGKAY_ _ _ _

FERFIx FHXXKX XXX XK

Fig. 3. Multiple alignments of amino acid sequences between onion protein spot 7 with other
homologous proteins. Identical amino acid residues are denoted by asterisks. 2B2W_D chain
D-tandem chromodomains of human CHD1 complexes with histone H3 tail containing
trimethyllysine 4, 3FDT_T chain T-crystal structure of the complex of human chromobox
homology 5 with H3K9(Me)3 peptide, IGUW_B chain B-structure of the chromodomain
from mouse HP1 beta in complex with the lysine 9-methyl histone H3 N-terminal peptide,
1KNE_P chain P-chromodomain of HP1 complexes with histone H3 tail containing
trimethyllysine 9

Consistent with this, lesions in Arabidopsis PHOTOPERIOD-INDEPENDENT EARLY
FLOWERING 1 (PIE1), which encodes an ISW1 family ATP-dependent chromatin
remodeling protein, result in a large reduction in FLC expression, thereby causing the
conversion from winter-annual to summer-annual habits (Noh and Amasino 2003). Given
that yeast Iswlp, an Arabidopsis PIE1 homolog, can bind H3K4me (Santos-Rosa et al.
2003), it might be assumed that PIE1 will bind H3K4me, which is generated by EARLY
FLOWERING IN SHORT DAYS (EFS) (He et al. 2004; Kim et al. 2005), and remodel FLC
chromatin to allow active transcription. However, an in silico search revealed that an
onion protein homologous to human CHD1 was not related to the Arabidopsis PIE1 gene.
This observation raises the possibility that various ATP-dependent chromatin remodeling
factors may interact with various methylation states of lysine on H3 to induce
transcriptional activation of target genes. Although there is no evidence that this protein
spot is relevant to the regulation of bolting time by vernalization, this observation raises
the possibility that chromatin remodeling factors may play roles in regulating this process
in onion plants.

3.3 In vitro HMTase activity assays in onion plants

In order to assess whether histone methylation correlated with bolting time of onion
plants, we performed in vitro HMTase activity assays using purified protein spots with
significant similarities to chromodomains of mammalian CHD1 or HP1 isolated from two
onion cultivars (MOS8 and Guikum) with calf thymus histones as substrates (Fig. 4a).
Amino acid sequences of the purified spots used in this assay were confirmed (data not
shown). The purified protein spots were able to methylate histone proteins in examined
onion plants, indicating that the spots are associated with HMTase activity. Furthermore,
differences in HMTase activity were observed in onion plants, though equal amounts of
calf thymus histones were used in this assay (Fig. 4a, b). However, chromodomains of
chromatin remodeling factors like mammalian CHD1 or HP1 generally act as binding
modules for methylated lysines on histones. This could be explained by the SET-domain
containing histone methyltransferase (Yeates, 2002) being present in extracts from onion
cultivars. We cannot exclude the possibility that the purified protein spot is a histone
methyltransferase with a chromodomain-like protein SUV39H1 (Brehm et al., 2004;
Koonin et al., 1995).
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Fig. 4. In vitro HMTase activity in onion plants (MOS8 and Guikum). (a) Fluorography of
3H-methyl calf thymus histone. 200 pg of purified spots containing protein homologous to
human CHD1 isolated from two onion cultivars grown for 96 days after transplanting were
used in this assay(upper panel). Reaction mixtures were analyzed by 16% SDS-PAGE and
autoradiography. Equal amounts of each reaction were confirmed by Coomassie blue stain
profiles of calf thymus histones (lower panel). (b) Quantitation of HMTase activity in MOS8
and Guikum

4. Conclusions

Our results suggest that a genetic pathway may be involved in the control of bolting time in
onion plants by genetic inheritance, though the regulation of bolting in onion plants may be
more complexly governed by several loci. Although it is very difficult to identify confident
proteins in onion plants with uncharacterized genome, it appears likely that chromatin
remodeling factors involved in histone modification may be conserved in onion plant.
Although molecular and genetic analyses of flowering time in Arabidopsis have identified
several floral promotion and repression pathways, our knowledge of the floral pathways in
other economically important crops is limited. Thus, the quantitative trait locus (QTL)
mapping and the use of high-throughput experiments such as genomics will provide a
better understanding of the regulation of bolting time in onion.
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