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In this review we examine the current state of analytical methods used for shotgun proteomics
experiments in plants. The rapid advances in this field in recent years are discussed, and contrasted with experiments performed using current widely used procedures. We also examine the
use of subcellular fractionation approaches as they apply to plant proteomics, and discuss how
appropriate sample preparation can produce a great increase in proteome coverage in subsequent analysis. We conclude that the conjunction of these two techniques represents a significant advance in plant proteomics, and the future of plant biology research will continue to be
enriched by the ongoing development of proteomic analytical technology.
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1

How and why do we analyse proteins in
plants?

While the blueprint for how to assemble a cell is contained in
the genetic code, the bricks and mortar used in the building
process, as well as the builders themselves and the maintenance workers, are predominantly proteins. These are the
molecules in cells that are directly responsible for the maintenance of correct cellular function and, by implication, the
continued viability of the organism. In recent years advances
in technology have enabled the simultaneous study of a
whole range of proteins expressed in a cell at a given time.
This has spawned a new subdiscipline of protein biochem-
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istry, known as proteomics, where the proteome is defined as
the protein complement expressed by a genome of an
organism, tissue or cell type at a given time following growth
under specific conditions.
Many of the analytical tools used in proteomics still lag
behind the analogous tools used in the analysis of both RNA
and DNA. It is becoming routine to undertake large-scale
identification and quantification of thousands of different
RNA or DNA molecules in a single experiment using an
array prepared from a single initial sample. This is done
using techniques involving DNA and cDNA microarrays,
differential display PCR and SAGE. It is not yet possible to
perform the same type of experiments at the protein level,
but recent advances have narrowed the gap to a certain
extent.
Any discussion of proteomics in plants must start with
consideration of two fundamental facts. First, plant genomes,
like those of animals, contain tens of thousands of genes and
hence are able to express vast numbers of proteins and isoforms [1–3]. Second, plants are incredibly complex living systems consisting of not only a series of interdependent major
organs such as leaf, root, stem, flower and seed, but also a
myriad range of both highly specialised tissues within each of
those organs, and specialised organelles and compartments
within individual cells. Thus, an ideal proteomics approach
www.proteomics-journal.com
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would consist of a combination of the following features: high
sensitivity, high throughput, analytical robustness, the ability
to differentiate between differentially expressed proteins and
the ability to analyse as many as possible of the proteins present in a given sample at a given time.
Taking these points into consideration, we will discuss in
this review advances in two areas of proteomics – subcellular
fractionation and shotgun proteomics. The conjunction of
these two approaches promises to deliver tangible benefits
for plant proteomics in the postgenomics era. The ability to
delve deeper into the expressed proteome of plants, in a
relatively high-throughput fashion, will not only reveal new
biological insights, but will change the questions we can ask
and the way we design experiments in the future. We will
focus on the model plants Arabidopsis thaliana and rice, both
of which have complete genome reference sequences, although the annotation of the Arabidopsis genome is currently
at a more advanced stage than that of rice. A completely
sequenced genome is essential for many of the proteomic
analysis experiments we will discuss [1, 2].
Proteomics with other plant species remains more difficult than with the standard model eudicot and monocot,
Arabidopsis and rice, but this situation is likely to improve in
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the near future. A complete genome sequence is now available for poplar (Populus trichocarpa) and the genome
sequences of several other species, such as barrel medic and
maize, are scheduled to be completed in the next few years
(Table 1).

2

Subcellular fractionation in plants

The thousands of gene products in plants are all targeted
efficiently to specific locations in the cell by elaborate targeting machinery. Families of closely related gene products are
abundant in plants, with families of at least two members
known to exist for at least 50% of genes. The proteins
encoded by these genes often appear to be functionally
redundant, but the crucial difference between them is often
their ultimate cellular destination. Genetic manipulation in
Arabidopsis has produced very large numbers of plant lines
with gene knockouts and over expression phenotypes, and
these can be used to explore the functions of individual
genes. The problem with this approach is that there is often
no information regarding exactly when and where to look for
phenotypic changes among plant organs or tissues or within

Table 1. Current status of plant genome sequencing projects

Plant species

Genome
size (Mb)

Products and public access to sequence

Project status

Barrel Medic
(Medicago
truncatula)

550

Gene-rich BAC sequence in GenBank
http://www.medicago.org
http://www.medicago.toulouse.inra.fr

Medicago Genome
In progress,
Sequencing
completion
Project
anticipated in
2009

False Brome
(Brachypodium
distachyon)

355

Whole genome shotgun sequence http://
www.jgi.doe.gov/sequencing/why/CSP2007/
brachypodium.html

In progress

DOE Joint Genome
Institute

Grape (Vitis vinifera)

500

Whole genome shotgun sequence http://
www.vitaceae.org/molecular.html

In progress

INRA (France)
IASMA (Italy)

Maize (Zea mays)

2600

BAC and whole genome shotgun sequences
deposited in GenBank http://www.gramene.org/
Zea_mays/index.html

In progress,
completion
anticipatedin
2009

Maize Genome
Sequencing
Project

Poplar
(P. trichocarpa)

480

Whole genome sequence http://genome.jgi-psf.
org/Poptr1_1/Poptr1_1.home.html.

Complete

DOE Joint Genome
Institute

Potato (Solanum
tuberosum)

840

Gene-rich BAC sequence in GenBank http://
www.potatogenome.net

In progress

The Potato Genome
Sequencing

Sorghum
(Sorghum
bicolour)

736

Whole genome shotgun sequence http://
www.jgi.doe.gov/sequencing/why/CSP2006/
sorghum.html

In progress

DOE Joint Genome
Institute

Soybean
(Glycine max)

1115

BAC and whole genome shotgun sequences
deposited in GenBank http://www.ncbi.
nlm.nih.gov/Genbank

In progress

DOE Joint Genome
Institute

Tomato (Solanum
lycopersicum)

950

Gene-rich BAC sequence in GenBank http://
www.sgn.cornell.edu/help/about/
tomato_sequencing.pl

In progress

International Tomato
Genome Sequencing Project
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plant cells. If transgenic plant lines are to be accepted as
commercial products, it will be essential to document and
understand any changes in protein localisation or abundance
that may have occurred as a result of transformation.
There is considerable interest in plant biology in families
of channel-like and transport proteins in plants, as these
represent the communication pathways between cells, compartments and the external environment. This network of
genes has been studied extensively from the point of view of
sequence homology and overall expression levels, yet little is
known about specific localisation and functions for these
proteins within distinct plant membrane systems. As an
example, certain small organic compounds are required to
cross various distinct cellular membranes in plant cells as
they perform their signalling and metabolic functions. There
are now more than 280 known organic solute cotransporters
reported in Arabidopsis, sorted into 35 distinct families. Proteins with similar sequences, but expressed in discrete locations, are likely to be responsible for the spatially separated
activities these transporters provide. In addition, a number of
endogenous exported peptides are known to be involved in
the control of plant development and differentiation, such as
Cle and Cle-like elements [4], systemin [5] and propep1 [6].
Cellular fractionation studies have been undertaken for
several decades in a wide variety of biological systems, and a
wealth of biochemical knowledge has accumulated. In yeast
and mammalian systems, a large number of gene products
have been localised to specific subcellular organelles or
compartments, usually based on antibody-tracking microscopy studies. This has been accelerated by the genomic
revolution of recent years. Equivalent research on plants, despite the availability of the first two complete genome
sequences, still suffers from a limited knowledge base of
protein localisation. Comparative genomics is of some use in
prediction of protein locations by comparison with yeast or
mammalian systems, but the enormous diversity of plant
genomic sequences means that many proteins are not
amenable to cross-species comparisons. Rice is an illustrative example of this genomic diversity. Cultivated rice
(Oryza sativa) has a genome of 390 Mb. There are, however,
24 known species of rice within the genus Oryza, 12 of which
are included in the Oryza Map Alignment project (OMAP).
None of these 12 species, other than Oryza sativa, has a
complete genome sequence available, but a recent report
described the construction of BAC libraries for each [7]. The
estimated genome sizes of these rice species range from
340 Mb for Oryza brachyantha and 760 Mb for Oryza rufipogon to 1700 Mb for Oryza minuta.
2.1 Bioinformatics in assignment of subcellular
locations
The simplest option for placement of plant genomic data in a
relevant context in cell biology is the use of bioinformatic
algorithms to predict protein localisation. A number of programs of this nature are widely available, such as TargetP [8],
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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MitoPRED [9], Predotar [10], PSORT [11], WoLFPSORT [12],
LumenP [13], SubLoc [14], signalP [15] and secretomeP [16].
Based on primary sequence similarites, proteins can be predicted to be localised to the nucleus, mitochondrion, plastid,
peroxisome and ER. A significant limitation of many of these
tools is their inability to predict localisation in other membrane compartments including vacuole tonoplasts and
plasma membranes. Furthermore, comparing data outputs
from analysis of large-scale sequencing efforts often shows
very little consensus between programs, leaving only relatively small sets of proteins that are consistently predicted to
be localised to a given organelle or compartment. An obvious
reason for this discrepancy is the lack of high quality information used to train the algorithms in the first instance,
which is reinforced by poor overlap between experimental
datasets and consensus predictions – often around 50% or
less. Despite these issues, bioinformatics prediction of protein subcellular localisation is usually the first choice method
of analysis. It can frequently pinpoint a correct protein localisation, or at least provide enough information to direct further experiments.
2.2 Determining subcellular location using epitope
tagging and microscopy
The alternative to predictive approaches is direct experimental analysis of subcellular compartments with the aim of
locating proteins within cells. In the plants for which a complete genome sequence is available, it is now possible to
pursue this on a large scale by proteomic analysis, rather
than the traditional approach of one protein at a time. In the
postgenomic era, systematic studies of protein localisation in
a given species are generally performed using either a combination of epitope tagging and microscopy, or by subcellular
proteomics. Knowing the genome sequence allows the in
vivo synthesis of proteins with epitope tags or other reporter
proteins attached that can be used for either affinity purification or for microscopy. Fusion proteins incorporating
green fluorescent protein (GFP) are the best known and
most widely used example of the utilisation of reporter proteins. High-throughput screening of GFP-labelled proteins
on a genome-wide scale has been reported in yeast [17], but
this report served to highlight some of the limitations of the
technique. Expression of a tagged protein under a nonphysiological promoter runs the risk of the end product
being artificially forced into a nonphysiological location [18].
Furthermore, addition of a substantial tag like GFP, or even a
smaller epitope like a 6-His tag, can result in a nonphysiological location. This can be caused by several different mechanisms: the targeting information inherent in the
native protein may be masked by the presence of additional
sequence information [19]; the tag itself may have targeting
capabilities which overcome the weak targeting signal of the
native protein [20, 21]; the tag may contain a localisation signal that is not obvious in one species but becomes active
when transferred to another, such as the inadvertent nuclear
www.proteomics-journal.com
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localisation signal [22] in the TAP tagging vector which was
discovered when it was transferred from yeast to plants [23];
or the tag may cause the end product to be processed differently, resulting in differences in both target location and
protein function [24].
2.3 Subcellular proteomic analysis
A different experimental approach, which avoids the problems of fusion protein expression referred to above, is to directly identify the protein components of compartments purified by subcellular fractionation. This is now commonly
known as ‘subcellular proteomics’, and is one of the fast
growing areas of research in proteomics. Subcellular proteomics studies are typically undertaken by researchers with a
history of working with a particular functionality located in a
cellular compartment of interest. As an example, scientists
studying photosynthetic processes would analyse the proteome of the purified chloroplasts in order to gain greater
understanding of the key protein components and molecular
mechanisms involved. Studies of this type have been reported for many different organelles, including in Arabidopsis for
plastids [25, 26], mitochondria [27, 28], nuclei [29–31], peroxisomes [32], cell walls [33] and plasma membranes [34, 35].
The approach frequently used involves 2-D gel-based proteomics and has resulted in the identification and classification
of a relatively small number of proteins, typically less than
100. This clearly represents only a small sample of the most
abundant proteins that are actually expressed, and is most
likely biased against an accurate representation of the number of membrane proteins present [36]. Despite recent
advances in analysis of membrane proteins by using organic
solvents [37] or novel detergents [38] in sample preparations
for 2-D gels, significant limitations remain which have led to
many researchers pursuing alternative methods.
Recent reports have included nongel-based MS/MS
approaches to such analyses, also known as ‘shotgun proteomics’ methods. These identify a much larger number of
proteins, such as the identification of 392 proteins in Arabidopsis chloroplast envelope membranes [39] and the identification of 268 proteins in Arabidopsis cell wall preparations
[40], and contain a much higher proportion of very small
proteins, very large proteins and integral membrane proteins
[41]. The strength of these approaches is the inherent, and
ever-increasing, sensitivity of the MS systems used, but that
is also responsible for creating one of the problems. Contaminant proteins from other compartments are routinely
being detected at low levels using sample preparation techniques that were previously considered adequate for producing ‘pure’ samples for analysis. There are, however, a small
but significant number of proteins that are targeted to dual
or multilocations [42]. This problem is exacerbated when
contrasting results are reported by different researchers
using varying techniques and tissues in analysis of what is
nominally the same subcellular compartment. In the
absence of any further information, it is impossible to know
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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if the protein of interest should be considered as a ‘contaminant’ or assigned a new subcellular location at a lower
expression level. The fact that sample purity is now the limiting factor in these experiments means that in-depth analysis of a single compartment is now likely to reveal the identity of all the major components expressed above a certain
level, but some ambiguity is highly likely to remain regarding exact localisation of less abundant proteins.
2.4 Sample preparation from plant organelles
In order to attempt subcellular proteomic studies, it is necessary to have a high volume of starting material that is free
from nonproteinaceous contaminants and amenable to fractionation approaches. Many researchers thus choose to proceed with cell culture systems rather than whole plants. One
unintended side effect of this is often observed in the initial
steps of sample preparation, where mechanical cell disruption usually breaks around half of the internal cellular compartments, making the soluble fraction a mixture of cytosol
and the contents of many organelles. In etiolated plastids, as
found in cultured cells, almost all the plastids are broken by
mechanical disruption. This problem, however, can be alleviated by the use of an alternative approach that uses protoplast formation followed by gentle disruption and low-speed
centrifugation [43]. One additional problem that often occurs
during the isolation of subcellular compartments is proteolysis by endogenous proteases. This can give rise to artefacts
in 2-D gel experiments, such as protein spots appearing at
unexpected positions. While unintended proteolysis may not
appear to be as much of a problem in preparing samples for
shotgun proteomics experiments, prolonged incubation at
elevated temperature can on occasion cause endogenous
proteases to completely digest a significant proportion of the
proteome.
A variety of methods are available for purification and
isolation of subcellular compartments from Arabidopsis cells,
many of which are based on differential centrifugation and
gradient centrifugation on sucrose and percoll layers. These
techniques have been used extensively in the preparation of
mitochondria, with an initial step used to purify nuclei and
subsequent high-speed centrifugation steps used to fractionate mitochondria, peroxisomes and plastids. Peroxisomes can be further purified using percoll cushion centrifugation [32], plasma membrane-enriched fractions can be
prepared using two-phase partitioning [44], and other
microsomal membrane fractions, such as tonoplast [45],
golgi [46] and ER [47], can be prepared using linear sucrose
and gradient sorbitol centrifugation. In several published
reports, preparations of this type have been further purified
using orthogonal approaches, such as free flow electrophoresis which separates proteins on the basis of charge rather
than density [48, 49].
Regardless of the organelle or subcellular compartment
being studied, a major advantage in preparing subcellular
fractions for analysis by a shotgun proteomics approach is
www.proteomics-journal.com
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that only 50–200 mg of total protein is required for a successful analysis, which is typically ten-fold less than is required
for a more traditional 2-D gel-based study.

3

The current paradigm in plant
proteomics: 2-D PAGE

2-D PAGE for the separation of complex protein mixtures
was developed in 1970 [50] and is still one of the most widely
used techniques in proteomics. Proteins are separated by
their pI through a pH-gradient gel matrix (IPG) and then by
molecular weight in the second dimension [51, 52]. The extra
dimension of separation and the added area of the gel matrix
allows for the clear separation of several thousand proteins
under optimal conditions. 2-D PAGE attained its full potential when researchers used MS to identify the separated proteins, also known as protein spots (or just spots), within the
gel [53]. Excision of a protein spot can be performed by hand
with a razor blade, and the subsequent procedures for
destaining [54], in-gel protein digestion with a protease such
as trypsin [55], and the elution of peptides [56, 57] are relatively simple. The resulting peptide mixtures are usually analysed by MALDI-based TOF MS to determine PMF of the
peptides from the spot [58], or ESI-based MS/MS [59]. The
resulting spectra are searched against protein sequence
database references and the output indicates the degree of
confidence of assignment of the spectra to a peptide present
in the database [60, 61]. Based upon the quality of the match,
the identity of the protein can be deduced.
By analysing treated and control samples or samples
from different time points with 2-D PAGE, a differential
comparison of protein expression can be visualised. Quantitation can be added to the mix by using a variety of different
in vitro labelling techniques (ICAT; isotope-coded affinity tag)
[62], or using sensitive and differential gel stains (DIGE) [63,
64]. All of these steps, with the exception of running 2-D gels,
are amenable to various types of automation, which allows
hundreds of differentially resolved proteins to be quickly
extracted, processed and identified. There is a substantial
body of proteomics research reporting the protein accumulation, profiling patterns and identity of proteins from various tissue of Arabidopsis [39–41] and rice [42–44].
Depending on the tissue, treatment or plant species,
anywhere from hundreds to thousands of proteins have been
resolved and in general, many of these studies serve as catalogues for the accumulation of proteins in plant cells or
organelles [26, 29, 34, 65, 66]. There are several examples of
2-D PAGE databases where the results are reported as digitised images of the gel with associated protein identification
information (see for example, (http://gene64.dna.affrc.go.jp/
RPD/main_en.html and http://semele.anu.edu.au/2d/
2d.html). In the Australian rice anther protein database,
there are more than 4000 protein spots within the pI range of
4–11 and molecular weight range of 6–122 kDa, corresponding to approximately 10% of the rice genome [67]. The Japa© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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nese database provides 21 reference maps of proteins from
specific developmental tissues consisting of more than
13 000 spots [68].
As well as whole tissue studies there are also analyses of
subcellular fractions specifically containing plasma membranes, chloroplasts, mitochondria or nuclei. These databases clearly illustrate that subcellular fractionation helps
decrease the complexity of the whole tissue protein extracts.
They also illustrate, however, some of the limitations of 2-D
PAGE. In most samples, several thousand proteins can be
displayed. In plants, especially green tissues, this number is
often significantly lower. The highly abundant ribulose
bisphosphate carboxylase/oxygenase complex (RuBisCO)
proteins, which can be thought of as the plant analogue of
albumin in mammalian serum and plasma preparations,
overwhelm many of the low abundance proteins in photosynthetic tissue samples that would otherwise be clearly
resolved [69, 70]. Albumin depletion strategies have been
commercially available for several years, but the first commercially available RuBisCO depletion products were
released only very recently and thus have not been widely
adopted. Researchers have employed various strategies in
attempts to overcome RuBisCO abundance, such as IPG
strips with overlapping pI ranges to reduce sample complexity [71, 72]; however, this increases labour, cost and time,
especially given the lack of automation in running 2-D gels
and the bottleneck of gel image analysis.
The underrepresentation of basic, hydrophobic and
membrane-spanning proteins remains an inherent limitation of 2-D PAGE [73]. This restricts the detection of nearly
30% of all cellular proteins, and is especially deleterious in
plant cells which are heavily populated by various specialised
membranous structures such as thylakoids and plasmodesmata [74]. There are, however, some advantages in using
2-D gels in terms of additional information gained from a
single experiment, including protein molecular weight and
pI values [52, 75], the detection of protein modifications and
isoforms [76] and some indication of the level of proteolysis
occurring, either in response to physiological stress or during sample preparation [77].

4

The concept of shotgun proteomics

Genomics has been legitimised by the entrenched technology platforms enabling high-throughput DNA sequencing
and the biological insights provided by the related research.
Minimal sets of genes that define life have been described
[78, 79] and genomics has led to unparalleled advancements
in phylogenetics [80–82], genetics [83] and breeding [84].
Genomics spawned proteomics as a word and as a discipline
that is empowered by high-throughput protein separation
techniques and protein identification by MS. By itself, genomics provides a list of genes in a cell, but imparts limited
knowledge of gene expression or the functions of the
expressed gene products. Transcriptomics provides valuable
www.proteomics-journal.com
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information on gene expression; however, when genomics is
coupled with proteomics, an understanding of protein accumulation and organisation can emerge. For the many
organisms whose genomes have been sequenced, protein
accumulation reference maps that provide a global snapshot
of the protein constituents of cells in various states and conditions are being produced [85–88]. Plants are no exception
[89, 90]. Plant biology has greatly benefited from genomics
but the rate of proteomics discovery in plants has not kept up
with genome sequencing, partly because of difficulties in
obtaining proteins from the many developmentally different
yet spatially convergent cell types in various plant tissues.
Plant cells, compared to animal cells, are also compressed by
vacuoles and rigid cell walls traversed by plasmodesmata and
are crowded by many membranous plastids. These differences introduce new challenges for protein extraction and
separation which are not frequently encountered by
researchers performing analogous experiments in yeast,
bacteria or cultured human and animal cells.
4.1 Multidimensional protein identification
technique (Mudpit)
One of the major advances in proteomics in recent years, and
the first of the group of technologies that have become
known as shotgun proteomics approaches, is multidimensional protein identification technology, or Mudpit.
This refers to a HPLC protein separation method that allows
the high-throughput identification of peptides using online
MS/MS [91, 92]. In contrast to 2-D gels, basic, hydrophobic
and membrane-spanning proteins can all be identified with
relative ease [91, 93]. Initial studies of this approach demonstrated that more membrane spanning proteins were identified than had been found in previous analyses of comparable
samples using 2-D PAGE [94, 95]. In contrast to gel-based
techniques where selected proteins are tryptically digested
after separation, Mudpit analysis requires that all proteins in
a sample are digested into peptides before the separation
steps. The separated peptides are then sequentially eluted
into the mass spectrometer and analysed in a high-throughput automatic fashion.
There are several disadvantages to the Mudpit approach
that must also be considered. First, direct sample loading
into a mass spectrometer means that detergents commonly
used to isolate hydrophobic proteins must be avoided since
these are readily ionised and can cause significant interference [96]. This can be avoided by the use of MS-compatible detergents in protein extraction protocols [97]. Second,
the direct loading of biological samples onto biphasic columns can lead to column clogging or slow deterioration in
column performance. Third, most mass spectrometers suffer to some degree from ion suppression effects which hinder the detection of low abundance ions coeluting with ions
of much greater abundance. Fourth, data output comprises
tens of thousands of tandem mass spectra, the analysis of
which requires the use of software such as SEQUEST, MAS© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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COT and Xtandem [60, 61, 98] or de novo sequencing programs such as PEAKS or MS-BLAST [99, 100] to deduce the
amino acid sequence information from the spectra. High
powered computing and vast data storage space are necessary in order to process the very large number of spectra in a
reasonable time. Since the original mixture of proteins is
digested into peptides, the protein information must be
reconstructed. Reassembly of peptides into proteins in an
unambiguous manner can be difficult, or in some cases not
possible in the absence of further experimental information,
as many of these proteins can share the same sequences. The
only feasible way to generate a protein list is to follow rules of
parsimony such that the smallest, most-logical nonredundant set of proteins is assembled from the peptides
[101, 102]. Freely available programs such as DTASelect [103]
and DBParser [104] organise the peptides into sets of candidate proteins, and ProteinProphet [105] can perform a similar organisation with the added benefit of incorporating a
probability model that can be used to ascertain the likelihood
that a protein assembly is correct.
In the original implementation of Mudpit, peptides are
separated on two columns coupled directly to each other, and
the outlet of the second column is directed to the inlet orifice
of a mass spectrometer [106]. Columns are constructed from
fused-silica capillaries pulled to a fine tip capable of spraying
liquid drops of ionised peptides into the mass spectrometer
source [107]. The columns are typically packed with strong
cation exchange (SCX) resin and reversed-phase (RP) resins.
Samples are loaded onto the mixed phase column offline
with a pressure cell, before the assembly is connected to a
HPLC pump. A solvent gradient is run to elute peptides that
were not bound to the SCX material, and then a small salt
step is applied for a short time to move the most weakly
bound fraction of peptides from the SCX to the RP column.
These peptides are then eluted from the RP column by
another solvent gradient. This process is repeated sequentially, with a higher concentration of salt applied each time.
Peptides are thus eluted from the two-phase column separated by two orthogonal properties, charge and hydrophobicity [91]. There are several variations on this protocol
designed to minimise the problem of column clogging,
which often occurs in the analysis of complex biological
mixtures. These include split-phase columns where the
sample is loaded onto the SCX phase only and washed
extensively prior to connection to the RP column [108, 109],
and columns configured with RP-SCX-RP that are also
aimed at extending the peptide separation capacity [110, 111].
Mudpit as described above typically requires custommade materials, including columns, column packing pressure cells and source platforms that interface the column to
the MS inlet and the HPLC pump. This degree of specialisation and expertise has tended to keep this technology out of
the hands of many plant researchers. Variations have been
developed which include collecting offline fractions of the
peptide mixture as they elute from a standard SCX column,
and then analyzing fractions by RP [39, 112, 113]. Such an
www.proteomics-journal.com
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approach can be implemented using an autosampler to
make it a high-throughput technique. Offline Mudpit offers
the advantage that a much larger amount of peptides can be
loaded onto the larger SCX columns, with a corresponding
increase in number of proteins identified, while online
Mudpit offers the advantage of minimal sample handling,
with the entire loaded sample directed into the MS. As a
result, offline Mudpit is most applicable in cases where a
large amount of sample is available, while online Mudpit is
the best choice in cases where sample amount is strictly
limited.
4.2 Quantitative Mudpit analysis
Quantification in Mudpit analysis is a difficult issue but
much progress has been made in recent years. Mudpit analysis was previously thought to be essentially nonquantitative
[114, 115], but in recent years numerous publications have
demonstrated that Mudpit analysis can be used for studies
involving differential comparative quantitation between two
samples.
Relative quantitation in Mudpit analysis was initially
demonstrated using 14N/15N isotopic labelling of sample
pairs for comparison, which had the disadvantage of being
mainly restricted to culturable microorganisms grown under
defined nutrient regimes [116]. There have been several
subsequent reports using this approach in higher organisms, including the use of isotopically labelled E. coli as a
food source for Caenorhabditis elegans and Drosophila melanogaster [117], the labelling of cultured mammalian cell lines
[118], and long-term metabolic labelling of adult rats with a
diet enriched in 15N [119]. An alternative approach which
produces similar results is to use stable isotope labelling,
usually 13C, of amino acids in culture (SILAC), which also
labels proteins in vivo [120]. One interesting method which
has been applied to plants is known as subtle modification of
isotope ratio proteomics (SMIRP), which offers a convenient
approach to in vivo isotope labelling of plant proteins [121].
This technique uses partial rather than complete isotope
incorporation to reveal structural changes in proteins, but
has not yet been shown to be applicable to quantitative
Mudpit analysis.
Quantification in Mudpit analysis can also be performed
using in vitro labelling techniques such as isotope coupled
affinity tags (ICAT) [62, 122] and isotope tags for relative and
absolute quantitation (iTRAQ) [123, 124]. This enables the
analysis of protein samples prepared from sources where
quantitative in vivo labelling is not appropriate, including
mature plant tissues. The iTRAQ approach has several disadvantages in that it requires expensive reagents and a mass
spectrometer of relatively high resolution to distinguish the
various diagnostic fragment ions. One major advantage of
this approach, however, is that the multiplexed reagents offer
the ability to quantitatively analyse four or eight samples,
rather than just two. This enables, for example, the analysis
of multiple time points, which was employed in a ground© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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breaking study on time-resolved MS of tyrosine phosphorylation sites in the human epidermal growth factor receptor
signalling network [123]. Recent studies have shown that
iTRAQ labelling is both compatible with offline Mudpit
analysis [125, 126], and applicable to plant tissues, as
demonstrated by a study of the defence response phosphoproteome in Arabidopsis leaf [127].
More recently, it has been shown that relative quantitation can be performed in the absence of any label, using
metrics such as spectral counting or protein scores [116,
128]. This method has been applied to a number of mammalian systems, such as the characterisation of differential
protein expression in synapses [129], and the identification of
biomarkers for Down’s syndrome in maternal serum [130]
and preterm birth in human cervical–vaginal fluid [131]. Of
particular relevance to the topic of this review, the label-free
comparative Mudpit analysis method has also been used in a
study of protein expression differences between normal and
diseased mouse cardiac muscle tissue, where accurate quantitation was achieved by the use of prefractionation into subcellular components, coupled with multiple repeat Mudpit
analyses [132].
Two caveats must be attached to all these quantitative
approaches. First, multiple replicate analyses are required to
produce statistically relevant results and avoid random sampling errors associated with Mudpit. This is most apparent in
the analysis of more complex mixtures, where the number of
peptides eluting at a given time may overwhelm the capacity
of the MS instrument to fragment them all sequentially, but
it can usually be alleviated by performing several replicates
and considering only the consistent results [133, 134]. Second, there is still no definitive method for establishing the
purity of a subcellular fraction or organelle preparation. A
protein detected at very low levels in a particular subcellular
fraction may be a contaminant from an adjoining compartment, or it may be expressed at low levels in the fraction of
interest; unfortunately, there is no way to be certain which is
correct. The use of enzyme assays to define purity of subcellular fractions is widespread, and remains the best option
available [135]. This relies on the availability of an assay for
an enzyme known to be expressed in only one location,
which can cause similar problems to those described above,
as enzyme activity detected in an adjoining compartment
may be due to contamination or may be evidence of protein
expression in an unexpected location. Again, there is no
definitive way to determine which is correct.
4.3 SDS-PAGE – nano-LC-MS/MS
Another widely used shotgun proteomics approach that has
become popular in recent years is the use of SDS-PAGE gels
as a simple fractionation approach for proteins. This provides many of the advantages of Mudpit analysis, without the
need for acquiring further equipment resources. The SDSPAGE fractionation is followed by in-gel digestion of all the
fractions, then RP nano-LC-MS/MS of peptides extracted
www.proteomics-journal.com
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from each fraction. The most obvious benefit of this method
is that SDS-PAGE gel resources are commonly available to
most researchers, and are very easy to use. Another is that
standard SDS-PAGE sample buffer solubilises proteins in
complex mixtures much more effectively than the high-urea
buffers commonly used in preparing protein samples for
either 2-D gels or Mudpit. Boiling in SDS-PAGE sample
buffer will extract measurable amounts of protein from just
about any biological sample. After protein separation, the gel
lane containing the proteins is excised and divided into slices
(usually 32 or some other number readily compatible with
robotic liquid handling procedures). The gel slice is
destained if necessary, reduced, alkylated and digested with
trypsin, and the resulting peptides are extracted. The peptides are separated on a standard reusable RP column and
the eluent is then analysed by MS/MS.
Results obtained by separating proteins on 1D gels are
similar to those obtained from Mudpit analysis. One study
which compared a series of different shotgun proteomic
approaches used for analysis of a yeast mixed organelle lysate
found that the SDS-PAGE gel slice approach was significantly better than Mudpit analysis in terms of number of
proteins identified [136]. The main disadvantages of this
technique are that the offline protein fractionation and gel
handling are relatively labour intensive, and the handling
and digestion of multiple fractions introduces more opportunity for sample contamination.
Plant researchers have been among the most active in
using the SDS-PAGE gel slice approach, and have had success with subcellular, organelle and membrane proteomics
research [66, 137–139]. It has also been shown that many of
the detergents that are commonly used to extract proteins
from unique plant membrane structures are not compatible
with Mudpit analysis. However, many of these are sufficiently removed by 1-D gel separation and therefore do not
interfere with subsequent analysis. Interestingly, it has also
been reported recently that the detergent dodecyl-b-maltoside, which is commonly used in extracting proteins from
plant membranes, can be employed as part of a Mudpit
sample preparation step if the extracted proteins are then
precipitated using TCA [140]. Presumably, the acid efficiently
cleaves the glycosidic linkage, and the reaction products no
longer interfere in mass spectrometric analysis.
4.4 IEF – nano-LC-MS/MS
A shotgun proteomics approach that has been developed in
recent years, but has yet to find much traction in plant research, is the use of IEF electrophoresis as a first fractionation step. This has been investigated at the protein level,
where it was found to be inferior to the use of SDS-PAGE as
an initial fractionation step, most likely due to the difference
in solubilising strength of the sample preparations used.
However, a number of researchers have found that IEF
separation of peptides provides a powerful and versatile front
end to shotgun proteomic analysis. The biological samples
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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are first digested with trypsin as for a Mudpit experiment,
then applied to an IPG IEF strip and separated under high
voltage. Once the peptides have migrated to their pI, they are
extracted into aqueous buffer, separated on a standard reusable RP column and the eluent is analysed by MS/MS.
There are several disadvantages to this approach. It is
labour intensive and requires significant sample handling,
again introducing opportunity for inadvertent contamination. This is exacerbated by the low percentage of acrylamide
used in IEF strips rendering them much less compatible
with robotic liquid handling systems than comparable preparations using SDS-PAGE gels. Also, biological samples
must be solubilised and digested in buffers compatible with
IEF, similar to a Mudpit experiment, which means detergent
use must be minimised.
There are, however, several unique advantages to the use
of IEF as a front end to a shotgun proteomics experiment.
IEF introduces an additional dimension of information into
the experimental data, as the pI of the peptide is strongly
correlated with the final location on the IEF strip. This parameter can be used as an additional constraint in database
searching programs, and has been shown to greatly decrease
false positive assignment rates and thus produce more
matches at higher confidence [141, 142]. In addition, the IEF
strips have a very high protein loading capacity; it is not
uncommon to read of 2-D gel studies starting with protein
amounts in the range from 500 mg to 1 mg. It is axiomatic in
shotgun proteomics that the more starting material used, the
more protein identifications are generated at the end of the
experiment.
The use of IEF separation of peptides in shotgun proteomics experiments has been demonstrated in, for example,
E. coli [143], rat [143] and Drosophila [142]. A direct comparison with the SDS-PAGE gel slice shotgun approach used for
analysis of Drosophila nuclei showed that the peptide IEF
shotgun approach resulted in an increase in protein identifications of more than 40% [143]. Clearly, this is a powerful
approach and, despite the limitations inherent in the sample
preparation required, it is likely to find wide applicability in
plant proteomics research in the near future.

5

Conclusions

Identification and quantification of large numbers of proteins in as little time as possible will become increasingly
important in the future for plant proteomics. This will be
facilitated by: advances in instrumentation, such as the
development of higher resolution Orbitrap mass spectrometers [144] and hardware for novel peptide fragmentation
chemistries (electron transfer dissociation [145]); and advances in computing resources including centralised online
data analysis facilities such as the Australian Proteome
Computational Facility (http://www.apcf.edu.au). We believe
sample preparation will remain the most crucial step in plant
proteomics. As we plunge headlong into the postgenomic
www.proteomics-journal.com
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era, the search for new enabling technologies will become
ever more intense. We have illustrated in this review that
there are a number of such technologies and approaches
currently available, and these are now ready to be used in
various combinations in order to solve interesting biological
problems. For plant proteomics in particular, there are now
subcellular fractionation techniques available that can be
readily used prior to analysis by assorted shotgun proteomics
approaches. The application of this powerful combination
will enable us to look closer than ever before at the inner
workings of plant cells at the molecular level.
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