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Abstract

This review is devoted to the proteomics studies in dicotyledoneous (dicot) plants, stickbabopsis Medicagq potato, soybean, and
tomato, under the influence of the environment and at the functional and genetic relationship levels, where the two core technologies, two-
dimensional gel electrophoresis (2-DGE) and mass spectrometry (MS) have been instrumental in unraveling the proteomes affected therein.
Abiotic and biotic stress responses, including the affect of allergens, the symbiotic interaction between the members of the Leguminoseae
family and genera of nitrogen fixing bacteria, phosphoproteomics, and proteomics in revealing the genetic relationships between species and
genera have been the subject of many proteomics studies, and these are discussed in this review. In all, these studies have complemente
and extended the studies of developmental proteomics [G.K. Agrawal, M. Yonekura, Y. lwahashi, H. Iwahashi, R. Rakwal, J. Chromatogr. B
(2004)].
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 2. Environmental proteomics

With the proteomes investigated/established for the com-  Plants, which are sessile in nature and must adapt to the
plex developmental stagg$], the next stage involves for  ever-changing environmental conditions, have fairly com-
extended proteomic studies in the dicotyledoneous (dicot) plex and well-developed mechanisms to cope with a vari-
plants, mainly due to unfavorable conditions for plant in ety of biotic and abiotic stress. How the environment brings
their environment. A unique symbiotic interaction between changes in protein profiles under a particular factor/stimuli is
bacteria and dicot plants in the environment gives rise to the subject of environmental proteomics. Dicot plant materi-
the symbiosome within infected cells of root nodules. The als, which have been investigated for their proteomes under
study of the symbiosome and associated processes at th@nfavorable environmental conditions, are described below.
level of the proteome is a hot topic among the symbiotic
research community, and can be referred to as symbiosome, 1 - apiotic stress
proteomics. Two other disciplines are gaining prominence
in plant proteomics, including dicot plants: phosphopro- 21.1. Cold

teomics and prqteo'mics 'in genetic relationships. Phospho- Two proteome studies were conducted; one involves to-
_r)_/lan_on of proteins is an !mpo_rt_ant_post-translatlonal m_od- tal protein from flax Linum usitatissimunt..) hypocotyls
ification (PTM), and the identification of phosphoproteins [9] and another involves nuclear protein fraction fréwa-

(phosphoproteomics) is needed to characterize entire phosbidopsisseedlings{lO]. The hypocotyls of flax cultivar (cv.)
phorylation cascades involved in a broad range of biolog-

ical function(s). Proteomics has also invaded the classical
field of taxonomy, with genetic relationships between species
and genera that are being established based on the com-
parison of protein patterns. As in developmental proteomics
[1], both two-dimensional gel electrophoresis (2-D[@E4])

and mass spectrometry (MS—-7]) have been instrumen-

tal in the investigation of their proteomebkig. 1); these
core technologies have been discussed in detail in part |
of the review[8]. Undoubtedly, the growing disciplines of
proteomics are highly relevant in our quest to understand
the cause/effect relationships of the environment and evo-Fig. 1. Proteomes influenced by the environment, and at the levels of func-
lution on plant growth and development. In the following tion and genetic relationships. 2-DGE and MS are instrumental in the separa-

sections, these disciplines have been summarized/discusse&on and !dentlflcanon of proteindrabidopsis thaliangecotype quumbla)
andMedicago truncatulagenotype Jemalong A17 are model dicot plants,

for the dicot plantsi\rabidopsisMedicagg potato, soybean,  ,nose photographs were kindly provided by Dr. Akihiro Kubo (NIES) and
tomato, etc. Prof. Richard Oliver (Murdoch University), respectively.
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Ariane seedlings grown for 6 days were subjected to cold spect to heat stresfl3,14] In mung bean (cv. Rox-
stress (4C) in time variations of 1-120 mif®]. Selection of borough), a preparative continuous elution sodium dode-
this time window was based on the observed rapid increasecyl sulfate—polyacrylamide gel electrophoresis (SDS—PAGE)
(within a minute) in cytosolic calcium level due to cold stress. combined with 2-DGE immunoblotting was used to study the
It was also reasoned that early time profiles might reveal HSPs from heat shocked (42) radiolabeled hypocotyls de-
the proteins responsible for sensing low temperature. 2-DGErived from seeds germinated for 2 days in the daf{. Ten
followed by silver staining revealed a set of seven proteins HSPs with molecular masses of 20, 21.5, 23, 29, 34, 38, 55,
(CS (cold shock) A—G) responsive to cold shock. Three pro- 62, 70, 85 kDa were separated and visualized on SDS—PAGE.
teins (CSD, CSE and CSG) were induced within a minute Among these, HSP55 was the most strongly radiolabeled.
of cold shock, and were absent from untreated hypocotyls. Furthermore, using 2-DGE and immunochemical analysis,
Among these, CSD and CSG showed a transient responsethe HSP29 isolate revealed the presence of seven radiola-

being present until 60 min but absent at 120 min. beled peptides, where six cross-reacted with a monoclonal
Nuclear proteins were isolated froknabidopsiseedlings HSP29 antibody.
exposed to 4C for 6 h[10]. One hundred and eighty four In tomato, a preliminary study of heat stress on tomato

protein spots were identified, of which 40 were induced, fruits led to the observation that the water of the pericarp
and 14 were repressed by more than a factor of 2, due totissues did not chang5]. Based on this observation, it
cold stress. Among the identified proteins were heat shockwas assumed that newly synthesized proteins might have pro-
proteins (HSPs) 70/90, transcription factors (AtMYB2 and tected the pericarp tissue from heat. To prove this assumption,
OBF4), DNA-binding proteins (DRT102 and Drl), catalytic changes in tomato pericarp proteins under heat stres<(37
enzymes (phosphoglycerate kinase, serine acetyltransferasdpr 1 day) were analyzed by 2-DGE4]. A total of 1200

and glyceraldehyde-3-phosphate dehydrogenase), syntaxinproteins were resolved and detected by Coomassie brilliant

calmodulin, and germin-like proteins. blue (CBB) staining under control (minus heat stress) con-
ditions. About 23.7% (293) of the proteins that are present
2.1.2. Drought in the control decreased by heat stress. The expression of

Two auxin-insensitiveArabidopsis(ecotype Columbia)  24.9% (315) of the proteins did not change by heat stress. In
mutants éxrl, axr2) differentially affected in specific  addition, the expression level of 26.9% (341) of the proteins
drought responses, and the wild type, were used to create thencreased by heat stress, and 14 proteins appeared only under
2-DGE profiles under the well-watered and drought-stressedthe heat stress condition. Among the identified changed pro-
conditions[11]. Subtle changes in protein patterns induced teins were 23 kDa subunit of the oxygen evolving enhancer-
by progressive drought stress and/or mutations affecting the2 protein precursor, 22 kDa mitochondrial HSP, invertases,
auxin response pathway were observed. Around 600 hun-polygalacturonase, and isoforms of ascorbate peroxidase
dred reproducible protein spots were detected on leaf or on(APX).
root 2-DGE gels within a prange of 5—7 and Mr range of
20-100 kDa (18-1C° molecular masses) by silver staining. 2.1.5. Oxidative stress
Thirty protein spots were affected by drought and/or at least ~ Arabidopsis (cv. Landsberg erectg stem explant
one mutation specifically in leaves, 15 in roots and 8 others suspension-cultured cells (maintained for over 9 years) were
in both organs. Although these changed proteins were nottreated with hydrogen peroxide §8», 88 mM), menadione
identified, it was suggested that these proteins could play a(400.M, a redox active quinone that generates intracellular
role both in the auxin and the drought response pathways. superoxide), antimycin A (2&M, an inhibitor of complex I

of the mitochondrial respiratory chain) for 16 h to investigate

2.1.3. Ethylene the oxidative stresfl6]. It was mentioned that these treat-

2-DGE silver stained gels in conjunction with MALDI-  ments decreased cell growth, but there was no appreciable
TOF-MS were used to identify the effect of ethylene on the loss of cell viability. Highly purified mitochondria, extracted
changes in protein profiles during early root (from 4-day-old using a double Percoll gradient method, were subjected to
seedlings) epidermal developmentAmnabidopsis(ecotype protein isolation. Proteins were separated by 2-DGE, and an-
Columbia) seedlinggl2]. Most of the young root proteins  alyzed by Q-TOF-MS/MS. Twenty five protein spots showed
identified were soluble metabolic enzymes of known bio- more than three-fold induction aftern,B,/menadione treat-
logical functions, while many others were unknown. Three ment; a subset of these proteins also increased in antimycin
distinct glutathion&-transferase (GST) isoforms, AtGSTF2, A treated samples. A set of 10 protein spots decreased sig-
AtGSTF8, and AtSTU19, were expressed early in root epider- nificantly during these stress treatments. Furthermore, a spe-
mal establishment. AtGSTF2 was specifically up-regulated cific set of mitochondrial proteins (subunits of ATP synthase,

by ethylene at both protein and mMRNA levels. complex I, succinyl CoA ligase, aconitase, and pyruvate and
2-oxoglutarate dehydrogenase complexes) were degraded

2.1.4. Heat by these stresses. Nine increased proteins (thioredoxin-
Two plant species mung beaPHaseolus auregsand dependent peroxidase and thioredoxin reductase-dependent

tomato (ycopersicum esculentymvere studied with re-  protein disulphide isomerase) in stressed mitochondria were
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not present in the control, indicating that they are either in- maturation protein of soybeans, respectively. Furthermore,
ducible or extramitochondrial. the detection of conserved IgE-binding epitopes in common
Tomato (. esculentunMill, cv. Sweet 100, Vilmorin and food allergens might be a useful tool for predicting cross-
France) suspension-cultured cells were also used to exam+eactivity to certain foods. For identifying oilseed rape pollen
ine the effect of oxidative stress-inducing chemical agents allergens, water extractable pollen proteins were separated by
(methyl viologen (MV), digitonin, gamma irradiationB,) isoelectric focusing and analyzed by 2-DGE, immunoblotting
and heat shock (4QC) by [*°S]-labeling of proteins, 2-DGE  and N-terminal amino acid sequencifi]. Three proteins
and immunoblottingl17]. Compared to control experiments, (40, 70 and 80 kDa) displayed identities with the berberine
heat shock and gamma irradiation induced various stress pro-bridge protein (areticulin oxidase), a receptor-like protein ki-
teins. The three main gamma-induced proteins correspondechase and the cobalamin-independent methionine synthetase
to HSP15, HSP17 and HSP22,6} treatment induced nine  from Arabidopsis respectively. Identification of a receptor-
proteins, out of which seven were the HSPs including the like protein kinase may represent a new class of allergens.
major induced protein HSP22. HSP17 was weakly induced
by MV or digitonin treatments, while HSP15 was induced by

MV application only. 3. Symbiosome proteomics
2.2. Biotic stress The formation of nitrogen fixing root nodules in legume
plants results from the symbiotic interaction between the
2.2.1. Fungal infection members of the Leguminoseae family and genera of nitro-
In the xylem sap of fungalRusarium oxysporunh. sp. gen fixing bacteriaRhizobiumBradyrhizobiumMesorhizo-
lycopersici(Fol) isolates Fol004, Fol007, and Fol029) in- bium, SinorhizobiumandAzorhizobiumDuring this event,
fected tomato plants (5- to 8-week old esculentuniine genes from both the plant and these bacteria play a role in the

GCR161, resistant to Fol004, and C32, susceptible to all iso- establishment and maintenance of this interad@@,23], in
lates), proteins associated with compatible and incompatible which the plant supplies reduced carbon to the bacteriod (the
interactions were surveydd8]. Proteins were separated by nodule-residing state of the bacteria) in exchange for fixed ni-
SDS-PAGE, and bands of interest were excised and analyzedrogen. Among the legumell. truncatulahas been accepted
by MALDI-TOF-MS and Q-TOF-MS/MS. Pathogenesis- as the nodal species for comparative and functional legume
related (PR) proteins [PR-1 isoforms, and acidic and basic genomics, andinorhizobium melilotstrain 1021 has been
B-1,3-glucanases (PR-2)] were detected in compatible inter- proposed as a model microsymbi¢a#]. Formation of the
actions only, concomitantly with disease development. Anew symbiosome occurs within the infected cells of root nodules.
member of the PR-5 (22 kDa) family was identified in both The study of the symbiosome and associated processes at
types of infection. the level of the proteome is referred to as symbiosome pro-
teomics.
2.2.2. Viral infection
The intracellular fluid of soybeai{ycine maxcv. Hodg- 3.1. Nodulation
son) leaves, locally infected with tobacco necrosis virus and
showing necrotic local lesions, was used to study the acidic A proteome map dflelilotus albainfected withS. meliloti
and basic PR proteins, using native-PAGE and 2-DGE fol- 1021 was established to provide insight into the symbiotic
lowed by silver staining19]. This resulted in the detection processeg25]. The reason for selectinyl. alba (small-
of 20 PR proteins (10 acidic- and 10 basic-PR proteins). seeded, autogamous, and diploid legume) is that this genus
is known to have almost same gene expression characteris-
2.3. Allergens tics as alfalfaM. sativa[26], and has a series of nodulation
mutants blocked at various stages of bacterial infection and
Allergy to food is a serious problem world wide, and nitrogen fixation[27]. The proteome maps were generated
allergy to two important foods, sesamgeSamum indicum from controlM. albaroots, wild-type nodules, and cultured
seed and oilseed rapBrassica napuspollen, is becoming  S. melilotiandS. melilotibacteroids, and compared. Root or
increasingly prevalent. A study was conducted to find root nodules were harvested 12 days after mock oneliloti
allergenic proteins in sesame sed@9]. Seed proteins  inoculation. Over 1700 individual abundant proteins were re-
were separated by SDS—PAGE and 2-DGE followed by solved in silver stained proteome maps of mock-inoculated
immunoblotting analysis and N-terminal amino acid se- roots and root nodule tissue Bf. alba, respectively. Out of
quencing. Atotal of 10 (778 kDa) IgE-binding proteins were these, over 250 proteins were induced or up-regulated in the
detected, and 4 were positively identified. The major cross- nodule, among which over 180 were from bacteroid, while 70
reacting proteins were 45 and 7 kDa proteins, identified as 7Sappeared to be novel to nodule tissues and are potentially new
vicilin-type globulin (named Ses | 3) and 2S albumin (Ses | nodulins. Moreover, 20 root proteins were down-regulated in
2), respectively. In addition, a 78 and 34 kDa protein showed the nodule tissue. A comparison of bacteroid and cultured
homology to the embryonic abundant protein and the seedbacteria also revealed over 1700 protein spots. Around 350
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proteins were down-regulated in the bacteroid form of the rhizal fungusGlomus mossea® with the nitrogen fixing bac-
rhizobia, compared with cultured cells, whereas 130 proteins teriumS. melilotj by 2-DGE and silver staininig2]. Protein
up-regulated in the bacteroid. The putative identity of nearly identification was done on a MALDI-TOF-MS (PMFs) and
100 nodule, bacterial, and bacteroid proteins, were assignedy Q-TOF-MS/MS, which allowed for de novo sequencing
by using N-terminal amino acid sequencing and MALDI- of tryptic-digested proteins. One protein induced in nodu-
TOF-MS. These identified proteins included the previously lated roots was identified as\ truncatulaleghemoglobin,
identified nodule proteins leghemoglobin and NifH as well whereas another protein was identified as an elongation fac-
as proteins involved in carbon and nitrogen metabolism in tor Tu fromS. meliloti In the inoculated (mycorrhizal) roots,
S. meliloti Bacteroid cells showed down-regulation of sev- the identified proteins included GST, fucosidase, myosin-
eral proteins involved in nitrogen acquisition, including glu- like protein, serine hydroxymethyltransferase, cytochrome-
tamine synthetase, urease, a urea—amide binding protein, and-oxidase, and a protein of unknown function.
a photosystem Il isoform, indicating that the bacteroids were
nitrogen proficient. The down-regulation of several enzymes 3.2. Symbiosome membrane proteins
involved in polyhydroxybutyrate synthesis and a cell division
protein was also observed. The symbiosome membrane serves both as a physical in-
The first proteome reference mapsMf truncatulacv. terface and as a mediator of metabolite exchange between the
Jemalong A17 were also established using 2-DGE in con- symbionts, both functions being essential for nodule func-
junction with peptide mass fingerprinting (PMF) to dissect tion. In mature root nodule cells, the symbiosome mem-
the nodulation and root developmental pathwi@g. Over brane represents a mixture of proteins that resembles most
2500 and 450 root (of 5-day-old seedlings) protein spots were closely the protein constituents of the plasma membrane and
displayed reproducibly across & gange of 4-7 and 6-11, the tonoplas{33,34] In order to understand the biogenesis
respectively, by silver staining. CBB staining revealed 1500 and function of the symbiosome membrane, 2-DGE coupled
and 50 protein spots, respectively, in the sarheapge. A with LC-MS/MS was used to identify proteins present in the
total of 485 most abundant proteins were analyzed by PMF. symbiosome membrane of ti& truncatulagenotype A17
By matching against the expressed sequence tag datdbbase ( (Jemalong)[35]. Root nodules, harvested 2—-3 weeks post
truncatulg), 179 proteins could be identified. The majority inoculation ofS. melilotistrain 2011, were used for fraction-
of identified proteins were metabolic enzymes and stressation into the symbiosome membrane (110 spots), symbio-
response proteins, and 44% of proteins occurred as isoformssome space (200 spots) and bacteriod (220 spots) proteins.
a result that could not have been predicted from sequencingA total of 51 proteins were identified; 28 were the sym-
data alone. This result adds to the growing evidence thatbiosome membrane proteins (classified into four functional
many so-called nodulins are not specifically expressed duringcategories: protein destination (56%), energy and transport
nodulation. The identified proteins were classified into 12 (24%), nodule-specific (10%), and unclassified (10%), and 23
categories; plant metabolism (40%), flavanoid metabolism were the bacterial proteins (classified into two functional cat-
(5%), defense and stress response (18%), protein synthesiggories: protein destination/storage (35%), and others). Sym-
and processing (14.5%), hormone or developmental regu-biosome membrane proteins includettATPase, ENOD16,
lated (7%), membrane transport (5%), cytoskeleton (4%), ENOD8, nodulin-25, BiP, HSP70, PDI, multifunctional aqua-
transcription and its regulation (3%), cell wall structure porin, a putative syntaxin, etc. These results provide a basis
and synthesis (1.25%), nodulins (1.25%), signaling (0.5%), to hypothesize mechanism of symbiosome membrane forma-
and cell cycle (0.5%). PR proteins (PR10 class) were the tion and function.
most abundant proteins, detected on the gels (for further
details seq28]). PR10-1 expression has been found to be 3.3. Peribacteriod membrane and space proteins
constitutive in root$29], implying its importance for normal
plant development. Moreover, a number of isoforms of = The compartment that harbors the bacteroids is sur-
enzymes of the flavanoid pathway were detected, reflectingrounded by a peribacteroid membrane (PBM), which orig-
the importance of flavanoid metabolism in legunj@6]. inates from the plant plasma membrane. The PBM and the
The 2-DGE protein gels dfl. truncatulawere surprisingly space between the PBM and the bacteroid membrane, called
similar to protein patterns on gels of nodulated roots of white peribacteroid space (PS), mediate the exchange of metabo-
sweet clover . alba) [25]. Moreover, striking similarity to lites between the symbionts. The PBM and the PS were iso-
the gels of subterranean clovarifolium subteraneuproot lated by a standard differential centrifugation procedure, in-
proteins was seen, where PR10-1, ARXtubulin, chaper- cluding a Percoll gradient from pea root nodules, and used for
onin 10, a-fucosidase, peroxiredoxin and ripening-induced proteome analys¢36]. Proteinsinthe PBM and PS fractions
proteins were the common proteif#l]. The root proteome  were separated by 2-DGE, and 89 protein spots were analyzed
reference map along with predicted identities can be found by tandem MS, resulting in the identification of 46 protein
on the web [ittp://semele.anu.edu.au/2d/2d.hHtml spots. It was found that PS and even PBM preparations from
Another study examined the root protein profiles of pea symbiosome always contain abundant amounts of bac-
M. truncatulg inoculated either with the arbuscular mycor- teroid proteins as a contaminant. Interestingly, in addition to
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afew PS/PBM proteins, a number of endomembrane proteinscells treated with flg22, suggesting conservation of some
(less likely representing a contaminate), including V-ATPase, pathways betweeArabidopsisand tomato. However, as the
BIP, and an integral membrane protein known from COPI- phosphoprotein patterns after flg22 treatment in these two
coated vesicles, were found in the PBM fraction, supporting species were quite different, one should keep in mind that
the role of the endomembrane system in PBM biogenesis. the identities of related phosphoproteins in plants showing
similar responses should not be assigned by simple compar-
ison of phosphoprotein proteome maps. A continuous effort
4. Phosphoproteomics in this direction led to the identification of another protein
phosphorylated rapidly in response to fl[g22, namely syntaxin
Phosphorylation, an important factor in the integration of (AtSyp122)47]. AtSyp122 was phosphorylated prior to elic-
signals within the cell, of a protein can alter its behavior in al- itation, as determined by 2-DGE-immunoblotting analyses,
most every conceivable way, including its intrinsic biological and shown to be calcium-dependent by an in vitro analysis.
activity, subcellular location, half-life and interaction with
other proteins. It is also the most common PTM of proteins, 4.2. Mitochondrial phosphoproteins
and is among the best-studied processes involved in the regu-
lation of cellular metabolist{87]. Protein phosphorylation is Phosphorylated proteins of potat8glanum tuberosum
an important event in defense signaling to initiate responsesL.) tuber mitochondria were studied by 2-DGE in conjunc-
to diverse environmental stresses, and is involved in both tion with nano-ESI-MS/MS and MALDI-TOF-MS, resulting
positive and negative regulation of the defense pathways. Forin the identification of 14 phosphoproteifé3]. Out of the
example, mutations in the FLS2 LRR-kinaseArabidopsis 14, 7 phosphoproteins were found to be involved in the tricar-
render the plant insensitive to the bacterial elicitor, flagellin boxylic acid cycle or associated reactions, whereas four were
[38]. Mutations in EDR1, a mitogen-activated protein the subunits of respiratory complexes and involved in elec-
(MAP) kinase kinase kinasf89], and in MAP kinase 4  tron transport, ATP synthesis and protein processing, two are
[40], result in Arabidopsisplants that are more resistant the HSPs, and one was involved in defense against oxidative
to virulent pathogens. Although rapid changes in pattern stress. Phosphoprotein pattern of potato tuber mitochondria
of phosphorylated proteins in elicitor treated suspension- was reported to be very similar to that of tAeabidopsis
cultured cells[41,42] and in ozone (@)-fumigated plants  suggesting conserved function of these phosphorylated mito-
[43], have been noted, relatively few of them have been chondrial proteins between these two spefei8 Therefore,
identified. Preliminary studies irArabidopsis identified protein phosphorylation is likely to be one of the fundamental
chloroplast thylakoid membrane phosphoproteins and their mechanisms for signal integration of the complex network of
phosphorylation sites using MALDI-TOF-MS and ESI-MS mitochondrial processes.
[44]. Moreover, a bioinformatic screening and in silico
analyses together with immunological studies indicated that
Arabidopsigroteins specifically phosphorylated on tyrosine 5. Genetic relationships by proteomics
residues are much higher than in yepi]. The study of

phosphorylated proteins constitutes phosphoproteomics. The genetic relationships between species and genera
have been usually based on molecular studies. In the late
4.1. Elicitors responsive phosphoproteins 1980s, it was shown that such relationships could be also

established based on the comparison of protein patterns. The

A “directed proteomics” approach was employed to usefulness of qualitative and quantitative variation of protein
identify phosphorylated proteins Arabidopsissuspension-  spots, separated by 2-DGE for distinguishing between very
cultured cells in response to microbial elicitofd6]. closely related genotypes as part of a taxonomic study, has
Radioactive {2P] orthophosphate was used to pulse-label been demonstrate@9,50] Comparative study of protein
suspension-cultured cells, followed by separation and profiles among plants can lead to the establishment of
identification of isolated proteins by 2-DGE and MS, respec- genetic relationships by proteomics.
tively. A number of proteins showed increased or decreased
incorporation of radioactive phosphate within 4min of 5.1. Mutant analysis
flagellin 22 (flg22), a peptide corresponding to the most
conserved domain of bacterial flagellin, elicitor treatment. A In order to estimate the biochemical distance indices be-
protein termed AtPhos43, having an acidldpa region of tween developmental mutants Afabidopsisand wild type
low protein complexity, was analyzed by ESI-MS/MS, and plants, cultivated in the presence of various hormones, to-
predicted to be a cytosolic protein with two-ankyrin motifs at tal proteins were analyzed using 2-DGEL]. Computer-
the C-terminus. Immunoblotting revealed that AtPhos43 is based analysis of 2-DGE profiles followed by statistical
differentially phosphorylated in response to flg22 (bacterial) treatment of data was used for creating a phenogram that
and chitin (fungal) elicitors. A Phos43 protein, related to described the biochemical distances between the different
AtPhos43 was also found in tomato suspension-cultured genotypes. It was shown that phenotypical and physiological



G.K. Agrawal et al. / J. Chromatogr. B 815 (2005) 137-145 143

analysis of various genotypes were in excellent agreement
with the 2-DGE analysis, and therefore may be helpful for (k"ﬂ'a}
physiological analysis of mutants, as exemplifieddiystal =

mutants. g |

5.2. Taxonomical analysis of plant family G |
37

A comparative proteomic approach was undertaken to es- oo

tablish the genetic relationships in the Brassicaceae family, pro |
which comprises numerous agronomically and economically

important crop plants, such as cabbages, mustards, rapes 15
radishes, anArabidopsig52]. Various varieties oBrassica =
cabbage and radish, along with two ecotypeg\@bidop- E -

sis L. erectaand Columbia were used. For this purpose, the § :3:;E
aerial part of the seedlings, grown on water-imbibed filter 75
paper in large Petri dishes for 7 days in the dark at circa somiy
20°C, was used. Selection of this developmental stage is o |
based on the work in Triticeae, where variations in gene ex-

pression, i.e. the appearance or disappearance of spots, ar 25 mi%y
scarce between the fifth and the ninth day. Proteome compar- 20w

isons were done using a global gel with 2273 reproducible
spots, which were obtained from eight synthetic mixed gels
from all samples using th®. napugprotein profile as a refer-
ence (for further details on distance indices calculation, phe-
netic trees and factorial correspondence analysi{=&e
Genetic distances were calculated on the basis of commonfig- 2. Effect of ozone (€) on protein profiles inArabidopsis The 16-
and distinct spots. Results obtained from the study were in day-old Arabidopsis(ecotype Wassilewskija-2) plants were placed in an

. . . O3 chamber and exposed to 0.2 pprg f@r 24 h. Plants before the start
good agreement with the established taxonomy of the Brassi-f the experiment served as the 0h control. All the leaves were collected,

15

caceae. and total proteins were extracted in homogenization buffer (Tris—HCI, pH
7.5). Approximately 20Q.g total protein extract was separated by 2-DGE
5.3. Assessment of genetically modified (GM) plants (for details on methods, s¢&7]), and the separated proteins were visual-

ized using CBB stain. The proteins marked by black arrows show induc-

. . tion at 24 h; the positions of the same proteins are also marked in the con-
Proteomics was also applied to study the safety of genet-yq. protein spots numbers 1-4 (red boxes) were N-terminally sequenced,

ically (GM) modified plants. For this, a transgenic tomato and the amino acid sequences are mentioned on the gel. RuBisCO LSU
plant resistant to virus (tomato spotted wilt virus) and its and SSU are marked for reference, and the LSU and SSU levels are de-
corresponding wild type (unmodified hybrid) was studied by creas_ed (yellow arrow) and increased (black arrt_)w) af@etr@atm_ent, re-
comparing their 2-DGE protein profil¢S3]. No significant ;Fi’gg';/s;y- M, molecular mass standards (Precision Plus Protein Standards,
differences, either qualitative or quantitative, could be de- '
tected; indicating that expression of major proteins was un-
modified by the genetic manipulation. The environmental proteomics studies highlight the cat-
aloguing of proteins induced or suppressed under specific
stress conditions. Although the effect of viral and fungal
6. Conclusions and perspectives pathogens on protein changes has been investigated to only
some degree, it is notable that the abiotic stress responses
It is not surprising to see that proteomics has evolved into have provided more insights into the protein changes therein.
more focused and specialized areas—related to the environ-One important environmental stressor, whose study is lack-
ment, function, and genetic relationshipsy. 1), and there- ing in dicot plants, is the effect of the gases, &d sulfur
fore, it is the perfect time to start placing the proteomes to dioxide (SQ). Both O3 and SQ are well-known environ-
their defined areas (disciplines) to lay a strong foundation, mental gaseous pollutants, causing serious health hazards in
and provide systems and trends for the current and up-cominghumans and animals, and damage to plant growth, develop-
proteomic researcher(s). Proteomics studies in these disciiment and productivity54—-56] Proteomics would be a valu-
plines have also played an important role in defining the pro- able tool to examine their effects, as has been recently shown
teomes in relation to the environment, symbiosome, PTMs, for the monocot model plant, rig67,58] We present an ex-
inter-species interactions, intra- and inter-cellular signaling, ample of G-induced changes in protein profiles usisg-
inter-species variations and food safety, and at the same timebidopsis(ecotype Wassilewskija-2) as a representative dicot
linking them to developmental proteomics. model Fig. 2). Using 2-DGE and CBB staining, followed
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by protein identification upon Edman sequencing, a number plant development, as evidenced from the identification of
of proteins (spots marked by black arrows) were induced by two nodulins (ENOD18 and a homologue of narbonin) in
O3 in the leaves of 16-day-olérabidopsisplants, within uninfected root tissues. Phosphoproteomics has provided a
24 h over the control (0h). The N-terminal amino acid se- good start towards the identification of phosphorylated pro-
quences of the four protein spots (boxed in red) clearly show teins involved in signal perception and transduction pathways
that they are all stress-related proteins: chaperonin (Cpn) 21in plants, which will subsequently lead to the dissection of
(spot 1), GSTs (spots 2 and 3), and a protein kinase with asignaling network(s). We again provide an example on the
casein kinase (CK)-2 phosphorylation site (spot 4). Interest- use of the phosphoprotein fluorescent gel stain, Pro Q Di-
ingly, the ribulose-1,5-bisphosphate carboxylase/oxygenaseamond [59], and see conclusions and perspectives in refer-
(RuBisCO) large subunit (LSU) was drastically reduced, enceg8]), inrapidly identifying phosphoproteins and changes
whereas the small subunit (SSU) was increased, suggesttherein upon stress, in this case treatment with i@ 16-
ing that photosynthesis is affected by.Orhese findings  day-old beanRhaseolus vulgaris. cv. IDIAP R-3) plants
demonstrate the power of 2-DGE coupled with Edman se- (Fig. 3). The fluorescent protein bands within the boxes indi-
quencing in investigating the leaf proteome in response cate the phosphoproteins, and the total protein, representing
to Os. equal loading, is stained with SYPRO Ruby. Finally, pro-

Symbiosome proteomics has resulted in the identification teomics in genetic relationship studies has revealed that this
of molecular events occurring in plant root symbioses and “omic” technology can be used to reach a definite conclu-
associated processes. It seems that nodulins are not only insion and/or support the conclusions drawn based on classical
volved in the symbiotic events, but also play a role in normal taxonomical and/or molecular approaches. Moreover, it also

seems to be quite suitable for the evaluation of food safety in
E ................ E GM plants

1* trifoliates
0 24 48 72h

7. Nomenclature

APX  ascorbate peroxidase

CBB  Coomassie brilliant blue

CS cold shock

ESI-MS/MS electrospray ionization tandem-mass
spectrometry

NESI-MS/MS nanoesi-tandem MS

ESI-Q-TOF-MS ESI-quadrupole time of flight tandem MS

Pro-Q Diamond Flg22 Flagellin 22

GM genetically modified

GST  glutathione S-transferase

H>O2 hydrogen peroxide

HPLC high-performance liquid chromatography

HSP  heat shock protein

kDa kilo Dalton

LC-MS/MS LC-tandem MS

MALDI matrix-assisted laser desorption/ionization

sst MAPK mitogen-activated protein kinase
M, molecular mass
SYPRO Ruby MS mass spectrometry

PAGE polyacrylamide gel electrophoresis

PBM  peribacteroid membrane
Fig. 3. Visualization of phosphoproteins by Pro Q Diamond dye. The 16- pl isoelectric point
day-old bean (cv. IDIAP R-3) plants were placed in an ozong ¢@amber PME peptide mass fingerprinting
and exposed to 0.2 ppmzQ@or 72 h. First trifoliate leaves were collected pathogenesis—related
at appropriate time periods, and total proteins extracted in homogenization . .
buffer (Tris—=HCI, pH 7.5). Approximately 5@g of the total protein ex- peribacteroid space
tract was separated by SDS—PAGE (for details on method$5%e and PTM  post-translational modification
the separated proteins were visualized with fluorescent stains, Pro Q Dia-RuBisCO ribulose-1,5-bisphosphate
mond (for phosphoproteins) and SYPRO Ruby (for total protein) using a carboxylase/oxygenase
UV-transilluminator (ATTO, Tokyo Japan). The boxed regions indicate the SDS sodium dodecyl sulfate
phosphoproteins. The RuBisCO LSU and SSU are marked for reference. M, . . .
molecular mass standards (Precision Plus Protein Standards, Bio-Rad). 2-DGE  two-dimensional gel electrophoresis
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