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Abstract

The first 3 years of the 21st century have seen the impact of plant proteomics on functional genomics that has enhanced our underst
only on the plant genome(s), but also more importantly, on the functional aspect of proteins. This is mainly due to availability of the c
genome sequence of theArabidopsis thaliana—a dicotyledoneous (dicot) model plant—and technological advancements in proteo
Proteomic analyses of a variety of dicot plants, including bothArabidopsisand the model legume species, barrel medic (Medicago truncatula),
have greatly helped in an efficient separation, identification and cataloguing of a large number of proteins, and thereby defining their p
Therefore, we have composed an inclusive review on dicot plant materials, as of February 2004, that provides system, trends and pe
of proteomics in growth and development and the environment. The review is summarized and discussed as three individual, but in
entities: Part I, technologies in proteome establishment (this review), Part II, proteomes of the complex developmental stages [G.K.
M. Yonekura, Y. Iwahashi, H. Iwahashi, R. Rakwal, J. Chromatogr. B (2004)], and Part III, unraveling the proteomes influenced
environment, and at the levels of function and genetic relationships [G.K. Agrawal, M. Yonekura, Y. Iwahashi, H. Iwahashi, R. Ra
Chromatogr. B (2004)]. This review deals with the diverse proteomic technologies being used in proteome development of different dic
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

This is the age (21st century) of plant functional genomics.
With the availability of the complete genome information of
model plant species,Arabidopsis thaliana(L.) Heyhn[1,2],
and rice (Oryza sativaL.) [2–5], we are in a position to use
multiparallel approaches, and to apply a range of new tech-
nologies, to the functional analysis of plant genomes in a
high-throughput mode. This inevitably also leads to an un-
precedented pace (and efficiency) in analysis and deduction

i s of
p y due
t se-
q gain-
i a of
r (for
r son
a gene
f t is
i

i ng
t
l to
h uenc
c and
a -
l ion

[21–24]. Proteomic analyses of these two plant materials will
reveal the complete set of proteins encoded by their respective
genomes, and at the same time will lay a foundation for com-
parative proteomic analysis with other dicot plants. Nonethe-
less, proteomic approaches have already been undertaken on a
variety of other dicot plants, such as beans, flax, grape, oilseed
rape, pea, poppy, potato, tobacco, tomato, spinach, etc. Their
studies have provided a number of improved methodologies
including sample preparation and techniques, and proteomes
of plant materials from developmental stages to environ-
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s still in its infancy compared to the proteomic analyse
rokaryotes, such as yeast, and humans. This is partl

o the lack of availability of complete genomic or cDNA
uences from plants. Nevertheless, plant proteomics is

ng momentum, and is poised to become a major are
esearch and development in the field of plant biology
eviews, see[10–18]). It has been elegantly stated by Wat
nd co workers “as we seek to better understand the

unction and to study the holistic biology of systems, i
nevitable that we study the proteome”[19].

To proteomic analyses,A. thalianaand barrel medic (Med-
cago truncatula) are currently the models of choice amo
he dicotyledonous (dicot) plants (Fig. 1). Arabidopsis—a
ong-day flowering plant—was the first flowering plant
ave its genome decoded, and its complete genome seq
arrying approximately 25,000 genes is freely available
lmost perfectly annotated[1,2,20].M. truncatulais an excel

ent model for studying the symbiotic root nodule format
e

. Technology

.1. Sample preparation

Good sample preparation—“extraction of a maxim
umber of proteins from a given cell, tissue, organ
rganism”—is the most important step for subsequent
ration, resolution, and identification of proteins. It remi
s of the statement “the key to good sample preparati
fficient protein solubilization with a minimum of handlin

27]. Several sample preparation methods are now ava
or different plant materials (Figs. 2 and 3; and for details se
28–30]). The most popular one is the use of tricholoroac
cid (TCA) and acetone (TCA/acetone) for the direct
ipitation of proteins from a given cell material[31]. An
dvantage is the immediate precipitation of proteins an
of gene (one or many) function in a short time, at the tran-
script (transcriptomics), protein (proteomics) and metabolite
(metabolomics) levels.

Proteomics, one of the “rapidly emerging and expanding
fields” of the functional genomics era, involves a system-
atic and detailed analysis of the protein population in a cell,
subcellular compartment, tissue, and whole organisms, and
complements genomics and metabolomics[6–8]. A graduate
student at Macquarie University in Australia, Marc Wilkins,
coined the term “proteome”—PROTEin complement of the
genome—in 1994[9]. It has only been a few years (2000
onwards) since the term proteomics “as a whole” is being
applied to investigate the plant proteome. Plant proteomics

mental stresses, and to plant–microbe interactions. M
over, improvements in two core technologies—the cla
cal two-dimensional gel electrophoresis (2-DGE) and m
spectrometry (MS)—have helped advance plant proteom
There are some good reviews on plant proteomics as a w
[10–18], and in general deal with the proteomics of di
plants. Therefore, this review along with two other revie
[25,26]in series is intended to cover all the studies condu
as of February 2004 on dicot plant materials from proteom
viewpoint in order to reveal the system, trends and pers
tives therein. This review describes the technologies (old
new) used for establishing proteomes of dicot plants, t
limitations and the challenges ahead.
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Fig. 1. Dicot plant proteomics.Arabidopsis thaliana(ecotype Columbia) andMedicago truncatulagenotype Jemalong A17 serve as model plants for dicots.
The common names of the other dicot plants used for proteome analyses are given below. Photographs ofArabidopsisandMedicagowere kindly provided by
Dr. Akihiro Kubo (NIES) and Prof. Richard Oliver (Murdoch University), respectively.

multaneous inactivation of components involved in protein
degradation, such as the proteases. Additionally, the method
removes several compounds (salts, pigments and polypheno-
lics) that interfere with isoelectric focusing (IEF) from the
samples. Nonetheless, protein precipitation usually results in
protein losses and also causes difficulties in resolubilization
of proteins. To overcome this problem, sequential solubiliza-
tion technique can be used[32–34]. Another one involves the
solubilization of proteins in phenol, with or without sodium
dodecyl sulfate (SDS), and subsequently precipitation with
methanol and ammonium acetate[35]. Its benefit lies in the
fact that high quality protein extracts can be generated with

minimal contamination. These methods are schematically de-
picted inFig. 2. The sequential solubilization technique along
with recently developed other sample preparation techniques,
like sequential fractionation[36] and extraction of recalci-
trant plant tissues[37] are discussed below.

2.1.1. Sequential solubilization
Sequential solubilization, one of the powerful sample

preparation techniques[32,33], allows fractionation of the
sample based on solubility, molecular mass (Mr) and isoelec-
tric point (pI). Sequential solubilized fractions carry more
proteins than separated without sequential solubilization. The

F one (th
( leaf, e l
s 2-DGE ed for 2-D
o please
ig. 2. Sample preparation techniques. The flow chart of TCA/acet
method suitable for resistant and hard tissues, like wood and olive
amples prepared in SDS-sample buffer can be used for both 1- and
nly. For details on each method, especially sequential fractionation,
e most commonly used sample preparation method), Phenol-NH4OAC/MeOH
tc.), sequential solubilization, and sequential fractionation is outlined. The fina
, whereas the samples solubilized/prepared in O’Farrell buffer are usGE
see the text (and the original articles).
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Fig. 3. Sample preparation from recalcitrant plant tissues. The flow chart
schematically depicts each step involved in sample preparation. Briefly, the
dry power obtained upon grinding in liquid nitrogen is resuspended in Trsi-
buffered phenol, containing SDS, which after vortexing results in protein-
rich phenol phase. Proteins are precipitated by NH4OAC/MeOH, and solu-
bilized in SDS- or O’Farrell-buffer.

method was modified for the proteome research ofCatha-
ranthus roseus(Madagascar periwinkle) suspension-cultured
cells (cell line A11) and seedlings[34]. The improvement
includes solubilization of proteins with a conventional urea
buffer followed by a stronger solubilizing buffer contain-
ing thiourea after precipitation of proteins in TCA/acetone
(Fig. 2). The 2-DGE protein profiles of sequential solubi-
lized fractions were reported to be very different, where only
10% of the total number of protein spots was detected in both
samples. This modification increased the number of protein
spots by 52% compared to the proteins detected after solu-
bilization in a single step. However, even this method has its
limitations; for example, an insoluble residue still remains
after extraction with thiourea buffer.

2.1.2. Sequential fractionation
The suitability of this technique was demonstrated on

extraction of total proteins fromArabidopsis (ecotype
Columbia). A three-fold increase in protein spots was re-
vealed by the use of 2-DGE[36]. Total proteins (leaf and
stem) were extracted in three fractions: the first fraction con-
taining the cytoplasmatic, water-soluble proteins, second and

third fractions containing the structure-associated, detergent-
soluble proteins, including the membrane and nucleic acid-
associated proteins (Fig. 2). By doing this, the complexity
of proteins in each fraction was decreased, and rare proteins
were enriched. The method also avoided loss of proteins by
omitting technical steps like precipitation, washing of cell
pellets, dialysis and lyophilization of protein samples.

2.1.3. Extraction of recalcitrant plant tissues
Some of the plant materials, such as olive leaf, are no-

toriously recalcitrant to common protein extraction methods
due to high levels of interfering compounds. In a recent pa-
per, it was shown that addition of phenol extraction to the
TCA/acetone precipitation protocol greatly improved pro-
tein extraction from olive leaf[37]. The method basically
involved: (a) preparation of a very fine dry acetone powder
of leaf tissue; (b) extensive washing with organic solvent and
aqueous TCA to remove pigments, lipids, etc. and water sol-
uble contaminants, respectively; and (c) phenol extraction of
proteins in the presence of SDS (Fig. 3).

2.1.4. Membrane and hydrophobic proteins
Membrane and hydrophobic proteins are difficult to solu-

bilize completely, and hence attempts have been made by sev-
eral groups to tackle this problem. For example, the plasma
m y of
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embrane (PM) is one of the examples for low recover
ydrophobic proteins. Several methods have been tes
nrich a membrane sample in hydrophobic proteins[38–40].
ne method involved purification of the PM fromArabidop-
is leaf by the phase partitioning method[41]. It was also
hown that PM treatment with carbonate at high pH and
bilization with C8Ø detergent favors the isolation of in
ral proteins and the release of peripheral proteins[38]. In
nother study, Santoni and co-workers tested four diffe
xtraction procedures (Triton X-100, Triton X-114, carbon
reatment, chloroform/methanol treatment) for hydroph
rotein isolation, and six different lysis buffers [7 M urea, 2

hiourea, 0.5% Triton X-100, 1.2% pharmalytes (pH 3–
0 mM DTT, and 2% (w/v) of detergent (C5Ø, C6Ø, C7
8Ø, and ASB14) or 4% (w/v) CHAPS] for solubilizati
f the isolated hydrophobic proteins (for details see[39,40]).
hese studies reached to the conclusion that first, the
iency of detergents to solubilize hydrophobic proteins is
endent on the lipid content of the samples, and secon
eed for a preliminary study to optimize the solubilizat
onditions for individual experiments/samples.

Recently, usingArabidopsis leaf membrane protein
uche and co-workers[42] investigated the solubilizin
ower of various non-ionic and zwitterionic detergents
embrane protein solubilizers for 2-DGE. Among the c
ercially available non-ionic detergents, dodecyl malto
nd decaethylene glycol mono hexadecyl ether proved
fficient. Though this progress has been able to find new

ergents for membrane protein solubilization, solubiliza
f hydrophobic proteins or their elution from the gel ma
es, and ionization for subsequent MS analyses[43,44], still
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remains a challenge. One way is the direct use of the prepared
samples in MS. A good example comes from the isolation,
separation and identification ofArabidopsisintegral mem-
brane carrier proteins[45].

2.1.5. Subcellular fractionation
Current technology does not favor a single-step charac-

terization of the complete proteome of a cell. This is the
consequence of the large number of cellular proteins with
varying levels of abundance and diverse pI(s), hydrophobici-
ties andMr(s). Therefore, subcellular fractionation is needed
to reduce complexity and increase resolution of proteomic ex-
periments (for review, see[46]). As elegantly stated, “plant
proteomics exemplifies perfectly this functional dimension
with recent explosion of proteomic initiatives, which are more
and more focused on the analysis of subcellular compart-
ments” [12,13]. Moreover, it allows the characterization of
individual organelle proteomes, and to know protein loca-
tion in relation to their function. Cell wall[47], chloroplast
[48], endoplasmic reticulum[49,50], mitochondria[51–53],
nucleus[54], peroxisome[55], and PM[40,56] have been
isolated for creating their proteomes. For details on the indi-
vidual isolation methods, the readers are referred to original
articles[40,47–56].
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2.2.2. Amino acid sequencing
The usual and most widely used approach for obtain-

ing primary sequence analysis is to sequence the amino-
terminal (N-terminus or Edman reaction) of the intact pro-
tein, by which the order of amino acids of proteins or pep-
tides is determined. For this, proteins must be transferred
onto polyvinylidene difluoride (PVDF) membranes from gels
(Fig. 4). The Edman sequencing is however slow (typically no
more than one to two proteins maybe identified per day) and
requires rather large sample amounts, which restricts anal-
ysis to the most abundant proteins. Moreover, many plant
proteins are blocked at the N-terminus probably most likely
due to carrier ampholyte gels not washed prior to use (in
contrast to pre-washed IPG gels), which means that con-
taminants can remain in the gel and may modify proteins
[72]. In case the N-terminus is blocked, deblocking is nec-
essary by means of enzymatic treatment, such as use of py-
roglutamate amino peptidase, or fragmentation of the protein
by enzymatic (trypsin) and/or chemical (cyanogen bromide)
methods[73,74]. However, internal amino acid sequencing
becomes even more laborious and requires even larger pro-
tein amounts than needed for N-terminal Edman sequencing.
On the other hand, carboxy-terminal (C-terminus) is used
for the direct confirmation of the C-terminal sequence of na-
tive and expressed proteins, for detection and characterization
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.2. Techniques

.2.1. One- and two-dimensional gel electrophoresis
One- (1) and 2-DGE separate complex protein mixt

n the basis of their molecular masses of approxima
0–300 kDa (102–105 molecular masses) and by charge

he first dimension (IEF) and molecular masses in the
nd dimension (SDS–polyacrylamide gel electrophor
DS–PAGE), respectively. For protein visualization, tho
oomassie brilliant blue (CBB), colloidal CBB, and silv
taining are the most commonly used stains in plant
eomic studies, fluorescence-based protein detection
ds have recently begun to surpass these conventional
ue to quantitative accuracy, detection sensitivity, and c
atibility with modern downstream protein identification a
haracterization procedures, such as MS. 2-DGE estab
n the 1970s[57–59], is a popular technique and commo
sed by the average proteomics researcher for high q
rotein resolution and dynamic range. “It is cost-effect
ffordable, and accessible to labs world-wide”[60,61]. In-

roduction of immobilized pH gradient (IPG) strips furth
ncreased the utility of 2-DGE in the proteomic era[62,63].
eparation of protein complexes by 1-DGE in the native
llows one to couple it with SDS–PAGE in the second
ension or 2-DGE (IEF and SDS–PAGE), now referre
s three-dimensional gel electrophoresis (3-DGE[64–68]).

mportantly, the 2-DGE profiles provide us with a “proteo
ignature”, and is one of the key technologies[61,63,69–71

n the proteomics workflow (Fig. 4).
,

f protein processing at the C-terminus, for identificatio
ost-translation proteolytic cleavages, and for obtaining

ial sequence information on N-terminally blocked pro
amples.

.2.3. Metal affinity shift assay
Although, various methods are available for detec

etal binding proteins, most of them generally require a
ified or semi-purified target of interest, and do not fa
ate identification of unknown targets from complex pro
ixtures. To this end, Kameshita and Fujisawa develo
method—metal affinity shift assay—suitable for iden

ation of divalent metal cation binding proteins[75]. The
ethod is based on the simple principle that binding of m

ons to proteins changes both the charges characteristic
he confirmation of proteins altering mobility during el
rophoresis. The usefulness of this method has been de
trated in the analysis of theArabidopsismitochondrial pro
eome[76].

.2.4. Mass spectrometry
MS-based techniques play important roles in this

eomic era and are most commonly used to identify
eins either separated or visualized on 2-DGE gels o
ectly from complex pepetide mixtures (Fig. 4; [60,77–80]).
he MS techniques includes matrix-assisted laser de

ion ionization (MALDI)-time-of-flight (TOF)-MS, elec
rospray ionisation-MS (ESI-MS), ESI tandem-MS (E
S/MS), ESI-quadrupole-TOF-MS (ESI-Q-TOF-MS),

erse phase-high performance liquid chromatography
S (RP-HPLC-ESI-MS), gas chromatography-TOF-tan
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Fig. 4. Schematic presentation of the proteomics workflow in dicot plant
spectrometric analyses and database interrogation to identify the proteins.
proteins upon transfer to PVDF membrane can also be identified by Edma
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s. Protein samples can be processed either through gel-based (1- and 2-DGE) approaches or shotgun proteomics followed by mass
Complex protein mixtures can be also directly subjected to FTMS without extensive purification and digestion. 1- and 2-DGE separated
n sequencing. The final step is the database construction, once proteins are unambiguously identified.
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MS (GC-TOF-MS), and the recently developed “top-down”
Fourier transform MS (FTMS). FTMS has uniquely valu-
able attributes over the commonly used “bottom up” MS
([81–83], and reviewed in[84,85]). The MS techniques,
MALDI-TOF-MS, which is normally used to analyze rel-
atively simple peptide mixtures, and ESI-MS/MS, where
complex protein samples are analyzed, have their own ad-
vantages and disadvantages. For MALDI-TOF-MS, the in-
strument is user-friendly and robust, compatible with new
robotic sample preparation devices designated to aid high-
throughput proteomics, has improved accuracy and reso-
lution, and high sensitivity in the fentomolar to attomo-
lar range. Moreover, sample preparation can be performed
more easily for MALDI-TOF-MS, as it is more tolerant to-
wards low amounts of contaminants (salts and low molec-
ular weight chemicals) from the biological environments or
buffers. The biggest disadvantages of the MALDI-generated
peptide mass fingerprints (PMFs) are ambiguity in pro-
tein identification, mainly because of peptide mass redun-
dancy, and that it requires relatively pure protein sam-
ples for the analysis. On the other hand, ESI-MS/MS is
quite amenable for complex protein mixtures, where the
total protein extract after proteolytic digestion can be di-
rectly subjected to MS. Characteristically, ESI results in
multiply charged ions, effectively lowering them/z val-
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2.2.4.1. Reverse phase-high performance liquid chromatog-
raphy electrospray ionization mass spectrometry.RP-
HPLC-ESI-MS has evolved into a highly powerful tool for
accurate mass measurement of proteins (Fig. 4; [90–94]).
Application of this technology was demonstrated on photo-
system I/II (PSI and PSII) proteins of various plant species
[95–100]. One important benefit of this technique is that,
identification of proteins from plants whose genome se-
quence information is not available can be done by com-
parison with the mass range expected from the known genes
of other plant species. Moreover, the HPLC methods used
in these studies were found to be highly reproducible, and
it was suggested that the chromatograms might serve as a
highly confident fingerprint for comparison within a single
and among different species for future studies of PSI and
PSII. This technique provides an attractive means to mon-
itor physiological changes in covalent status across the en-
tire complement of thylakoid proteins and in subfractions
from different membrane domains as a function of light and
other stresses, providing significant benefits to functional
genomics.

2.2.4.2. Fourier transform mass spectrometry.In this
method, the protein mixture, without extensive purification
and digestion, is introduced directly into the FTMS instru-
ment using ESI (Fig. 4). This approach was applied to find
accurate (±1 Da)Mr values for 22 proteins and to identify and
characterize 7 proteins, all from the three soluble proteomes
(thylakoid peripheral, thylakoid lumen, and stroma) of the
chloroplast ofArabidopsis(ecotype Columbia)[101] identi-
fied previously by conventional MS[102,103]. However, the
authors conclude that the “bottom up” methodology remains
the better choice for the first identification of the precursor
from a genome, such asArabidopsis, mainly due to full au-
tomation[101]. However, the future use of “top down” MS
in plant proteomics depends on development of new automa-
tion methods for sample preparation, MS, and data analysis
[101,104,105].

2.2.5. Affinity chromatography
Affinity-based chromatography (Fig. 5) is a powerful pro-

tein separation method based on the specific interaction be-
tween immobilized ligands and target proteins (for review,
see[106]). “This technique can be used reduce the com-
plexity of protein or peptide mixtures as a part of the tra-
ditional 2-DGE in conjunction with N-terminal sequencing
and MS, or in the identification of protein–protein interac-
tions in combination with MS”[106,107]. Several affinity
ligands have been used for a variety of target proteins, help-
ing in generating proteome maps. An added benefit is that it
can enrich low abundance proteins, identify protein–protein
interactions, and find the cellular location of proteins. In the
future, more applications of affinity-based purification can
be expected, including increasing the resolution in 2-DGE,
improving the sensitivity of MS quantification, and incorpo-
rating purification as part of the MudPIT.
es. Using a nanorange LC separation of proteins
o MS, very pure samples can be obtained, an adva
ver MALDI-TOF-MS. Moreover, the low flow rates po
ible with nanospray ionization reduce the amount of sa
onsumed and increase the time available for analysis
ently, an alternative technology, termed multidimensi
rotein identification technology (MudPIT), has been de
ped that allows automated analyses of peptide mixtures
rated from complex protein samples[86–88]. Moreover

sotope-coded affinity tag (ICAT) in the LC–MS/MS sy
em has also emerged as a tool for quantitative proteo
89].

Homology-based identification with MS data is poss
ut generally requires a large amount of experimentally d
ined protein sequence tags or PMFs. One limitation o

s the inability to match the major fraction of the spectr
redicted open reading frames. Two possible factors mig
ttributed to it. First, post-translational modifications (PT
f proteins result in alteration of apparent masses of pep

hat differ to the database (DB) entries. Although not
ect, such modifications can be recognized by MS/MS-b
nalysis of peptide sequences. Second the lack of acc
etermination of intron-exon boundaries of individual ge

n the genome. “To this regard, full-length cDNAs are d
erately needed”. It should be noted that most of the a
entioned MS-based techniques are in common pract
lant proteomics, except for RP-HPLC-ESI-MS and FTM
hich are recently getting more attention in proteomic an
is of certain dicot plant materials, such as the chloroplas
eome. These two techniques have been mentioned in
etail.
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Fig. 5. Affinity chromatography in plant proteomics. The affinity chromatography can be employed in both the gel- and MS-based approaches. In the gel-based
approach, it can be used prior to and/or after 1- and 2-DGE. In the MS-based approach, it can be used after the enzymatic digestion of the protein samples, or
protein samples can be affinity purified followed by enyzymatic digestion and affinity chromatography of the resulting peptides. In all cases, mass spectrometry
is used for protein identification.

2.2.5.1. Immobilized metal affinity chromatography.Spe-
cific capture of phosphopeptides is possible by affinity chro-
matography with immobilized metal ions (IMAC)—a sim-
ple technique used in several phosphoproteomic studies, and
having great promise for large-scale studies ([108,109], and
recently reviewed in[110,111]). The conventional IMAC
procedures, with either Fe(III)[112] or Ga(III) [113] suf-
fer from non-specific binding of peptides containing mul-
tiple carboxylic acid groups. To overcome this problem, a
slight modification was done, which involves the conversion
of carboxylic acids to methyl esters, thereby allowing en-
richment of the phosphorylated peptides[114]. The mod-
ified IMAC technique was successfully used to enrich the
phosphopeptides from the tryptic thylakoid peptides, isolated
fromArabidopsis(ecotype Wassilewskija-2), and sequenced
using ESI-Q-TOF-MS/MS[115]. Results revealed the iden-
tification of three new phosphopeptides in addition to the
five known phosphorylation sites in PSII proteins. All phos-
phopeptides are found phosphorylated at threonine residues
implementing a strict threonine specificity of the thylakoid
kinases. The finding of these novel phosphoproteins extends
involvement of the redox-regulated protein phosphorylation
in photosynthetic membranes beyond the PSII and its light-
harvesting antennae. Additionally, Nuhse and co-workers in-
vestigated the potential of IMAC in combination with LC-Q-
T s-
p x-
c ble
t ep-
t ory-
l pro-

tein analyses in these studies has been schematically depicted
(Fig. 6).

2.2.5.2. Thiol affinity chromatography.Redox regulation is
important in many biological processes, and the identification
of targets for thioredoxin (Trx) and glutaredoxin is of con-
siderable interest in plant biology. Hence, it becomes essen-
tial to isolate and characterize the proteins possessing redox-
regulated cysteine residues. An easy, robust and comprehen-
sive method involving thiol affinity chromatography tech-
nique was used to define the “plant disulfide proteome” using
Arabidopsis(ecotype Columbia) as a model[117]. Stem and
leaf tissues were used for extracting proteins. In this method,
free thiols in proteins are fully blocked by alkylation, fol-
lowing which disulfide cysteines are converted to sulfhydryl
groups by reduction. Finally, proteins with sulfhydryls are
isolated by thiol-affinity (thiol-Sepharose 4B) chromatog-
raphy (for details see[117]). The method is unique in the
sense that membrane as well as water-soluble proteins can
be examined for their disulfide nature. Use of this method
resulted in the identification of 65 putative disulphide pro-
teins, including 20 novel proteins with function in redox
regulation, such as violaxanthin de-epoxidase, two oxygen-
evolving enhancer proteins, carbonic anhydrase, PSI reaction
center subunit N, PSI subunit III,S-adenosyl-l-methionine
c terial
m ins,
o d in
t
m sed
t lmer
OF-MS/MS for identification of over 75% pure PM pho
hoproteins ofArabidopsis[116]. Using a strong anion e
hange chromatography prior to IMAC, they could be a
o decrease the complexity of IMAC-purified phosphop
ides and resulted in far greater yields of monophosph
ated peptides. The IMAC technique used for phospho
arboxyl methyltransferase, guanylate kinase, and bac
utT homolog. Interestingly among these novel prote
nly a single protein, carbonic anhydrase, was foun

he list of recently identified Trx-target proteins[117]. This
ight be due to the fact that SDS/Tris buffer was u

o solubilize proteins from stem and leaf, whereas Ba
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Fig. 6. IMAC in plant phosphoproteomics. Total proteins, isolated from a
plant sample, are usually trypsin digested, before being subjected to IMAC.
Alternatively, a strong anion exchanger liquid chromatography (SAX-LC)
can be used prior to IMAC, to decreases the complexity of IMAC-purified
phosphopeptides and to yield a far greater coverage of monophosphorylated
peptides. The phosphoprotein sequences and the phosphorylation sites are
determined using LC-Q-TOF-MS/MS, whereas the protein MS spetrum data
can be obtained using MALDI-TOF-MS.

and co-workers[118] targeted water-soluble stromal proteins
only.

2.2.5.3. Thioredoxin affinity chromatography.Trx affinity
chromatography has also been used to capture cytosolic
Trx(s) from cell lysate of dark-grownArabidopsiswhole tis-
sues[119]. For this, a mutant of cytosolic Trx, in which an
internal cysteine at the active site was substituted with serine,
was immobilized on CNBr activated resin. Identified proteins
were found to be involved in anti-oxidative stress response,
protein biosynthesis and degradation, metabolic pathways
and chloroplast.

2.2.6. 15N-isotope labeling
Structural proteomics play an important role in under-

standing protein–protein interactions in living systems at
a molecular level[120]. In vivo nuclear magnetic reso-
nance (NMR) spectroscopy and high-resolution solution
NMR spectroscopy are two powerful tools for studying inter-
molecular interactions in complex environments. The latter
technique is useful in determining detailed conformational
changes in individual proteins. A major prerequisite for NMR
applications in proteomics is the need to isotopically label
proteins with15N- and/or13C-isotopes to achieve spectral
dispersion of chemical shifts in multiple dimensions and to
o tato
( as
d %)

Fig. 7. Integrated extraction protocol for plant metabolites, proteins and
RNA. Sequential extraction from the same sample is convenient, easy to
replicate, and overcomes the question of inherent biological variation of
independent samples.

a plant with15N-isotope ([15N]-nitrate as the sole labeling
source) for use in proteomics[121]. The success of the label-
ing procedure was demonstrated by the NMR results obtained
on the complete proteome of potato sap and on an isolated
protease inhibitor. The advantage of such in vivo labeling of
higher organisms is that all constituting proteins are labeled
and become available as functional, post-translationally mod-
ified, correctly folded proteins.

2.2.7. Integrated extraction procedure for metabolites,
proteins and RNA

A novel extraction protocol has been recently described
with which metabolites, protein and RNA can be sequen-
tially extracted from the same sample, thereby providing a
convenient procedure for the analysis of replicates as well
as exploiting inherent biological variation of independent
samples for multivariate data analysis (Fig. 7; [122]). Us-
ing 30–100 mg ofArabidopsis(ecotype Columbia) leaf as
the source material, a total of 652 metabolites (GC coupled
to TOF-MS), 297 proteins (2-D LC coupled to MS, LCQ
DecaXP ion trap MS/MS), and clear RNA bands (North-
ern analysis) were validated. A subset of the most abundant
proteins and metabolites from replicate analysis of different
Arabidopsisaccessions was merged to form an integrative
dataset allowing both classification of different genotypes
a on of
p k. A
s ) and
m am-
p ted
w
m late
B

btain a higher intrinsic sensitivity for detection. Using po
Solanum tuberosumL.) cultivar Elkana as a model, it w
emonstrated that it is possible to uniformly label (>98
nd the unbiased analysis of the hierarchical organizati
roteins and metabolites with a real biochemical networ
imilar strategy was taken to isolate proteins (proteome
RNA (transcriptome) simultaneously from single root s
les fromM. truncatulagenotype J5 (Jemalong) inocula
ith or without the arbuscular mychorrhizal fungus,Glomus
osseae(Nicol. and Gerd.) Gerdemann and Trappe (iso
EG 12)[123].
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3. Bioinformatics

Bioinformatics is the next essential tool to link the pro-
teome to its genome. Recently, a comparative proteomics
resource database ofArabidopsisproteins has been devel-
oped and is available at “Proteins ofArabidopsis thaliana
(PAT) Database [http://www.pat.sdsc.edu/]” [124]. In this
database, an integrative genome annotation pipeline (iGAP)
for proteome-wide protein structure and functional do-
main assignment has been used. This database serves the
Arabidopsisand plant proteomics community through the
provision of structure and functional assignment to all
identified proteins in theArabidopsisgenome. In addi-
tion, the MIPS (Institute for Bioinformatics)Arabidop-
sis database MatDB (http://www.mips.gsf.de/proj/thal/db)
was also constructed with an aim to provide comprehen-
sive resource forArabidopsis as a genome model that
serves as a primary reference for research in plants and
is suitable for transfer of knowledge to other plants, es-
pecially crops[125]. On the other hand, proteome pro-
files/representative 2-DGE gel images for stems, leaves, seed-
pods, roots, flowers, tissues, and suspension cell cultures are
available forM. truncatula(http://www.noble.org/medicago/
and Website/2DPAGE/search.asp). Recently, a relational
database system, called DOME, has been developed
f r-
m
o ic
a ver,
h

in
p rative

proteome bioinformatics study inArabidopsis. A whole
complement of putative protein tyrosine kinases inAra-
bidopsiswas identified using slightly degenerate PROSITE
(http://www.expasy.ch/prosite) protein serine-threonine ki-
nases (PS00108) and protein tyrosine kinase (PS00109) sig-
natures as sequence probes[126]. Furthermore, based on
immunological evidence, it was found that the number of
Arabidopsisproteins specifically phosphorylated on tyrosine
residues is much higher than in yeast.

Recently, the universal protein knowledgebase (UniProt)
consortium has been established in which major protein
databases; Swiss-Prot, TrEMBL and PIR have joined together
to handle the increasing volume and variety of protein se-
quences and functional information[127]. This will be of
great benefit for scientist actively involved in modern plant
biology.

4. Conclusions and perspectives

Genomic information has been a prerequisite for the de-
velopments of “OMICS”, including proteomics. Therefore,
the dicot modelA. thaliana, whose genome has been com-
pletely sequenced and annotated, andM. truncatula, which
is the focus of current genomic projects, have been the plant
m lud-
i new
t been
e ears,
u tech-
n scale
p igh-

F plant m paratio
p , organ
T rotein f ing
( chrom e anal
D referen s commun
or M. truncatula functional genomics and bioinfo
atics (http://www.medicago.vbi.vt.edu/dome.html). Most
f the bioinformatics tools required for the proteom
nalysis are available from the ExPASy (www ser
ttp://www.us.expasy.org/).

The usefulness and importance of bioinformatics
roteome research was demonstrated in a compa

ig. 8. Schematic illustration of technologies in proteomics of dicot
rotein samples, prepared from a variety of plant materials (cell, tissue
OF-MS, ESI-MS/MS), followed by database interrogation to assign p
CBB, silver) and fluorescent stains (SYPRO Ruby). The use of affinity
atabase integration and construction of the outcoming data (2-DGE
aterials of choice for proteomic studies in dicots, inc
ng those involving the development/establishment of
echniques/technologies. Proteomic technologies have
volving over the past 20 years. During the past few y
se, adaptation and refinements of these developing
ologies have led to remarkable achievements in large-
rotein separation by 2-DGE and their analysis by h

aterials. 2-DGE and MS are two core techniques involved in the sen of
, organism), and identification using both the Edman sequencing and MS (MALDI-
unction. Detection of protein spots on 2-DGE is usually carried out usorganic
atography in protein enrichment is now gaining prominence in proteomysis.
ce maps and PMFs) form a valuable resource for the plant proteomicity.

http://www.pat.sdsc.edu/
http://www.mips.gsf.de/proj/thal/db
http://www.noble.org/medicago/
http://www.medicago.vbi.vt.edu/dome.html
http://www.us.expasy.org/
http://www.expasy.ch/prosite
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throughput MS-based techniques in plants (Fig. 8). A number
of techniques available to date are a clear indication of im-
pressive progress in dicot plant proteomics (summarized and
discussed in[25,26]), and as exemplified by the increasing
use of affinity chromatography-based protein purification as
an integral part of Trx proteomics. The field of MS has been
transformed into a key technology in proteome research, due
to increased sensitivity, more efficient ionization techniques
and better detectors[128]. “Not only, are the protein spots
of 2-DGE separated samples quantitatively sufficient for un-
equivocal protein identification, but it is also possible to take
a closer look at PTMs. For example, it has been speculated
that modifications like phosphorylation or glycosylation exist
on every second protein, which are essential for the protein
function”. In addition, the need for a faster and more efficient
method to identify frequently observed proteins on 2-DGE
gels resulted in the use of PMFs, which laid the foundation
for high-throughput, high-sensitivity methods in proteomics
[129]. We discuss below the immediate challenges and the
future directions needed to take the art of protein separation,
detection, and identification to its full potential by the dicot
(and plant) proteomic community.

(1) Identification of total proteins: current sample prepara-
tion methods have been successful in the identification of
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stimuli, will help for a more complete understanding
of protein function. The outcome will result in an in-
tegrated global view of protein networks. However, for
this, a consistent proteomic approach is necessary to es-
tablish good proteome reference maps on the World Wide
Web. This will allow for constant updates and compari-
son of proteomes and its associated data with other stud-
ies. But, the question remains, “how far it is possible
world-wide”.

(3) PTMs and isoforms: “sequence analysis of proteins and
peptides is not limited to the elucidation of the primary
structure of a protein, and therefore the analysis of PTMs
is an important task of protein chemistry in proteome
research”[132]. PTMs generate tremendous diversity,
complexity and heterogeneity of gene products[133].
Therefore, it is expected that for a given plant species,
the number of proteins will exceed manifold the num-
ber of genes. Phosphorylation of proteins is an important
PTM, and identification of phosphoproteins are needed
to characterize entire phosphorylation cascades involved
in a broad range of biological function(s). As stated by
Peck and co-workers, “it will be necessary to develop
the in planta phospholabeling assay such that the anal-
ysis of phosphoproteins can be performed using whole
plants and not just cell cultures”[134]. Recently, two new

ho-
nd
ec-
pe-

urifi-
ro-
lated
and
la-
The
ak-
for
ly-

id-
ro-
ting
-

ed
uby
f the
rms
the

gene
am-
c-
im-

ich-
rful
tion

Ms
ated
a large number of proteins; however, limitations still
ist for the extraction/isolation of low abundance prote
membrane and hydrophobic proteins, organelle prot
and basic proteins. Thus, the focus should be on fu
improvements in sequential solubilization/fractiona
by the use of more powerful solubilizing buffers or th
combinations, including the use of new detergents. M
over, the use of non-gel based chromatographic pr
separation methods, including affinity chromatogra
will also help to improve the separation of proteins fr
different samples and further the experimentally ide
fiable proteome. On the other hand, by constructing
comparing the proteome across developmental s
and following environmental stimuli, it will be possib
to identify even more proteins.

2) 2-DGE reference maps and PMF databases: data
created on 2-DGE and PMFs are the platforms for c
paring proteomes. 2-DGE maps of different plant spe
have been generated and will be needed to obtain a
ter insight into the interspecies correlation of 2-D
protein patterns. As for example, 2-DGE protein p
files of chloroplast envelope proteins ofArabidopsisand
spinach, obtained using the same chloroform/meth
extraction method[130], revealed the presence of 15 a
20 proteins exclusively inArabidopsisand spinach, re
spectively[131], suggesting that several plant mod
may be required to identify chloroplast envelope p
teins. This will also be true for other proteomic st
ies. Furthermore, comparing the 2-DGE reference m
among wild type and defined genetic mutants, biotic
and abiotically challenged plants and/or environme
s

commercially available products, namely the “Phosp
Protein Purification Kit” (Qiagen, Cat. No. 37101) a
the “Pro Q Diamond phosphoprotein gel stain” (Mol
ular Probes, Cat. No. P-33356) have given new im
tus to phosphoproteomics. The PhosphoProtein P
cation Kit is based on an affinity chromatography p
cess and provides complete separation of phosphory
and unphosphorylated proteins from a cell lysate,
therefore facilitating investigation of the phosphory
tion status of both entire cells and specific proteins.
“Pro Q Diamond phosphoprotein gel stain” is a bre
through technology that provides a simple method
selectively staining phosphoproteins directly in po
acrylamide gels[135]. Here, we demonstrate the val
ity of the Pro Q Diamond stain in plant phosphop
teomics, using total proteins isolated from germina
Brassica napusseeds as an example (Fig. 9). The visual
ization of a large number of phosphoproteins, follow
by staining of the total proteins using by SYPRO R
dye, on 2-DGE gels, is a first such demonstration o
power of the phosphoprotein gel stain in plants. Isofo
can represent post-translationally modified forms of
same protein or could be translated from the same
(spliced variants) or different genes from multigene f
ilies. A combination of DNA- and protein-based fun
tional approaches, including radioisotope labeling,
munoassaying with specific antibodies, affinity enr
ment/tagging, mass tagging and MS, will be powe
tools to test the correlation between gene transcrip
and translation, allowing for the identification of PT
and an estimation of the number of proteins transl
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Fig. 9. Visualization of phosphoproteins by Pro Q Diamond dye.Brassica napusseeds were germinated in the dark on a wet Kimwipe tissue (in covered
petri dish) placed in a growth incubator set at 25◦C. After 12 h, the seeds were removed and homogenized in lysis buffer (urea/thiourea buffer containing
Tris–HCl/Trizma base). Approximately 300�g total protein extract was separated by 2-DGE (for details on methods, see[137]), and the separated proteins
were visualized using fluorescent stains, Pro Q Diamond (for phosphoproteins) and SYPRO Ruby (for total protein) using a UV-transilluminator (ATTO,Tokyo
Japan). M: molecular mass markers.

Fig. 10. In our quest towards understanding plant biology: proteomics in plant functional genomics. The perfect union between these “omic” technologies,
creative ideas and advances in technology, will be essential in our quest for the “holy grail” of plant biology—defining the function and interaction of each and
every gene in the genome.
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from the same/different genes (isoforms). Their deter-
mination remains a big challenge.

(4) Construction of prediction programs for plants: to date,
the available prediction programs are largely based on
non-plant sequences, and thus the robustness of these
tools for prediction in plants remains uncertain. A com-
prehensive proteomic study in at least one model plant
species, such asArabidopsisor rice (and/orM. truncat-
ula) will certainly assist in constructing efficient predic-
tion programs suitable for plants.

(5) Robotic 2-DGE and automation workflow: the ex-
isting 2-DGE technologies are still time-consuming,
laborious and messy. To overcome these prob-
lems, and to facilitate improved protein resolu-
tion and reproducibility, NextGen Sciences Ltd., UK
(http://www.nextgensciences.com) have designed and
developed an automated 2-DGE proteomic—“inject
sample and walk away”—system called a2DE. Once
available, this automated system will greatly aid 2-DGE
proteomic analyses. Furthermore, as the frequency and
scope of proteomics increases, and to minimize sam-
ple contamination and facilitate sample processing and
identification, a workflow employing robotic automation
starting after 2-DGE is also undoubtedly needed for high-
throughput proteomics. The study on high-throughput
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MALDI-TOF-MS matrix-assisted laser desorption
ionization-time-of-flight-mass spectroscopy

Mr molecular mass
MS mass spectrometry
NMR nuclear magnetic resonance
1-DGE one-dimensional gel electrophoresis
PAGE polyacrylamide gel electrophoresis
pI isoelectric point
PMF peptide mass fingerprinting
PTM post-translational modification
PROTEOME PROTEins expressed by a genOME
SDS sodium dodecyl sulfate
3-DGE three-dimensional gel electrophoresis
TCA trichloroacetic acid
2-DGE two-dimensional gel electrophoresis
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