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The recent upsurge in structural genomics is leading
to the accumulation of a huge wealth of literature on
nucleotide sequences. After the nucleotide sequence
of a given stretch of DNA is obtained (by manual or
robotic methods), the next step is to use some soft-
ware program to distinguish the possible open read-
ing frames in the thick of sequences. However, the
acid test, whether the new sequence corresponds to
any functionality in terms of transcription and trans-
lation is to identify the protein which it encodes.
Functional genomics and proteomics are the buzz-
words in modern-day genomics. The science of pro-
teomics is a possible approach to relate the skeletal
nucleotide sequence information to functional at-
tributes of the cell. The identification and isolation
of novel genes with potential biotechnological appli-
cations warrant that genomics and proteomics must
go hand in hand. Three major steps in proteome
analysis are the separation of complex protein mix-
tures by two-dimensional protein gel electrophoresis
(2D), characterization of the separated proteins by
mass spectrometer (MS) and database searching.
The power of 2D is such that it allows even minor
changes in gene expression caused by internal or ex-
ternal cues to be effectively scored. Most proteins
resolved by 2D have high purity, which can facilitate
their identification by MS. In recent years, methods
for automated proteomics based on incorporation of
new ideas in both hardware and software develop-
ment have been optimized to a great deal. We discuss
the progress and applications of the proteomics sci-
ence, with special reference to plants.

DURING the last decade, major advances have been
made in plant genetic engineering'. The methods for
stable genetic transformation as well as regulation of
introduced trans-genes have been optimized to a great
extent. The widespread progress of plant genetic engi-
neering and biotechnology research in recent times is
mainly limited by the non-availability of the agronomi-
cally-important target genes””. It is therefore relevant to
look for newer approaches that can lead to the identifi-
cation, isolation and cloning of such genes. This article
takes a look at current developments in ‘proteomics’
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science. It particularly emphasizes the application of
proteomics in isolation of important novel plant genes.

Proteomics research

‘Genomics’ is the most recent ‘happening’ science in
contemporary biology*’. Complete genomes of more
than 30 organisms (e.g. Escherichia coli, Bacillus sub-
tilis, Synechocystis sp., Mycobacterium tuberculosis,
Treponema pallidum, Borrelia burgdorferi, Deinococ-
cus radiodurans, Aquifex aeolicus, Saccharomyces cer-
evisiae and Caenorhabiditis elegans) have already been
sequenced and the genomes of another 100 or so organ-
isms, including that of human, are being sequenced at a
rapid pace. Among plants, the genome of Arabidopsis
thaliana has already been completely sequenced and the
genome of Oryza sativa is a target for complete nucleo-
tide sequencing within the next 3—4 years. Apart from
these, there is a great deal of progress in genomics of
maize, sorghum, sugarcane, barley, cotton, tomato, soy-
bean, tobacco and Chlamydomonas reinhardtii (for fur-
ther details on plant genomics research the reader may
refer to refs 5-10).

In this exciting age of nucleotide sequencing, it is im-
portant not to forget that, in reality, genome projects
simply transfer digital information from DNA to com-
puter files and this is a long way from providing an un-
derstanding of function. Knowing the genome sequence
and even the location of all genes of an organism is the
anatomical description of its genome. It is therefore
important that the nucleotide sequence is further trans-
lated into functionality, meaning that genes identified
through such projects are ascribed roles in terms of en-
coded proteins. ‘Functional genomics’ is the science of
understanding how the genome works through a control
on the expression of genes.

However, the understanding of the biological func-
tions of the novel genes is a more difficult proposition
than obtaining just the sequence. This is because of the
fact that the existing amount of information on amino
acid sequences of known proteins in the database does
not match the wealth of information on nucleotide se-
quences being generated through genome projects™ ',
Already, it is seen that nearly 50% of the nucleotide
sequences coming from the genomics research do not
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match in homology with any known proteins*>''. As
has been the case for a number of prokaryotic and eu-
karyotic species whose genomic DNA sequences have
been completed, many open reading frames (ORFs) in
Arabidopsis and rice genome, when completed, will
encode proteins of unknown functions.

A possible solution in this regard is the use of ‘mi-
croarray chip’ technology®. The genome-wide analysis
of mRNA expression by microarray approach is provid-
ing important clues about expression patterns and thus
the functions of gene products*®. However, for a sub-
stantial number of proteins, there may be only a loose
correlation between mRNA and protein levels'"'>. In
addition, the functions of proteins depend considerably
on post-translational modifications and interactions
with other proteins, processes that cannot be deduced
from nucleic acid microarray data. The analysis of pro-
teins is the most direct approach to define the gene
function. Therefore, efficient approaches for identifying
proteins, for determining profiles of protein expression
in different tissues and under different conditions, for
identifying post-translational modifications of proteins
in response to different stimuli and for characterizing
protein interactions are critical for understanding bio-
logical processes in the post-genome era'"". If a new
ORF found in the genomics programme is strongly cor-
related to a specific developmental stage- or inducer-
dependent protein, it would lead to unveiling the func-
tion of that ORF. Therefore, protein analysis or pro-
teomics is turning out to be a major international
subject of research after the structural genomics wave.

Proteomics means investigation of biological proc-
esses by the systematic analysis of a large number of
expressed proteins for specific properties such as their
identity, quantity, activity and molecular interac-
tions'"'*. Over the past few years, significant progress
has been made towards developing a mature technology
for the identification and cataloguing of the proteins
expressed in a cell or tissue (so-called ‘descriptive pro-
teomics’). More recently, efforts have been focused on
a ‘quantitative proteomics’ technology that can also
capture the dynamics of the biological systems'”.

Technical inputs in proteomics research

A critical requirement in proteomics research is high
quality separation of cellular proteins. Such analysis of
proteins by electrophoresis has been a subject of active
research for a long time. The major historical mile-
stones of the protein gel electrophoresis technique are
presented in Table 1. O’Farrell'® made a path-breaking
advancement in electrophoretic protein separation
methods by combining iso-electric focusing (IEF)
and sodium dodecyl sulphate (SDS) gel electro-
phoresis, resulting in the powerful two-dimensional gel
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Table 1. Selective milestones in development of the protein gel

electrophoresis technique

Advances in technique Reference
Free-boundary electrophoresis 66
Introduction of acrylamide 67
Iso-electric focusing (IEF) 68
Disc electrophoresis 69
Introduction of SDS 70
Gradient gel 71
SDS coupled to discontinuous buffer system 72
2D (IEF + SDS-gel) analysis 16
Silver staining 73
Immobilized pH gradients 74
Computer digitization of protein 2D map 75

electrophoresis (2D) technique. At the time of its incep-
tion, this technique resolved some 1100 different pro-
teins of E. coli. Several innovations made in the basic
2D technique as shown below and further in Box 1,
have made this technique suitable for a range of differ-
ent applications. This method has been optimized for
the separation of both soluble as well as membrane pro-
tein fractions'’. The glycoproteins as well have come
under the analytical power of 2D'®. 2D-separated pro-
teins can be subjected to analysis of amino acid compo-
sition, immunological characterization and peptide
mapping. The amino acid sequence of 2D-separated
proteins or of peptides generated and purified from 2D-
separated proteins can be directly determined'’.

The next important development in proteomics re-
search is the combination of 2D with mass spectrometry
(MS) for the analysis of the separated proteins™. MS
has essentially replaced the classical technique of Ed-
man degradation because not only is it far more sensi-
tive, it can also deal with protein mixtures and offers
much higher throughput''. Typically, the MS technique
consists of a source to generate ions from the sample
and an analyser to separate and detect these ions ac-
cording to their mass. For proteomics, two sources are
widely used, namely matrix-assisted laser desorption-
ionization (MALDI) and electrospray ionization (ESI)
and analyzers range from the simple (e.g. time of flight
or TOF) to complex (e.g. Fourier transform ion cyclo-
tron resonance or FTICR). Simple MS such as MALDI-
TOF measures only the mass. However, ‘tandem mass
spectrometry’ also allows the amino acid sequence to
be determined (Figure 1; for more technical details
on terms such as ESI, MALDI, nESI, PMF, PSD, PI,
TM, TQ and QTOF associated with MS, see refs 11 and
20).

The MS quantitation of the masses of a few tryptic
fragments from an unknown protein, followed by the
use of algorithms to compare the observed peptide
masses against those predicted for the theoretical tryptic
fragments of all expressed sequences (from database
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Box 1.

The classical 2-dimensional protein gel electrophoresis (2D) work of O’Farrell” was based on pH gradients generated by carrier
ampholytes (CA). In instances where 2D spots are to be used for eluting sufficient amounts of the proteins, for raising antisera or
for detection of the identity, increased loading of the sample is desirable. The panels A and B (see figure) represent conse-
quences of over-loading of the sample proteins in a 2D gel made using CA. Rice-seedling proteins were isolated as per the
method of Suzuki et al.**. The amounts of the soluble proteins were quantified according to Bradford”. The 2D gel electrophore-
sis was carried out essentially as per the procedure of Suzuki et al.*. The IEF gel consisted of 2:8:1 volumes of 3.5-10:5.0—
8.0:8.0-10.5 ampholines (Sigma, USA). The 1EF

second dimension gel consisted of 12.5% -
polyacrylamide concentration. Following the
completion of the run, the gel was silver-
stained. It is clear from comparison of these
panels that increased protein loading (panel A-
50 ug and panel B-150 ng) causes the pH
gradient to move towards the cathode
(cathodic drift) and flattens in the centre
(plateau phenomenon). Cathodic drift is also
known to result due to prolonged focusing
durations™. By using immobilized pH gradient
gels (IPG), cathodic drift is eliminated and
reproducible IEF patterns are obtained"”.

The resolved proteins on 2D gel can be de-
tected by chromophoric staining with
Coomassie brilliant blue (CBB) or silver ni-
trate, autoradiography or phosphour-imaging
of radiolabelled proteins or staining with fluo-
rescent dyes. CBB staining is easy to perform
and shows good reproducibility but is not very
sensitive and only allows detection of major
components within a protein sample (typically,
not more than 200-300 spots). Silver staining
is up to 100-fold sensitive, which makes it
ideal for the detection of trace components
within a protein sample (the detection limit is
0.1 ng protein) and is still the method of
choice for analytical gels (compare panel A
which corresponds to 50 ug protein and silver
stained with panel C which corresponds to
400 ng protein of same protein sample and
CBB-stained).

The major objectives in computer-aided im-
age analysis are data acquisition, background
reduction, removal of streaks, spot detection
and quantitation, pattern matching, database
construction and data analysis®. Images are
captured either by scanning the silver- or
CBB-stained gels and/or the exposed X-ray
films using flat-bed scanners, CCD cameras or
laser densitometers. Panel D represents CCD
camera-based imaging of the panel C. The
images are then edited and matched using 2D
image analysis software.

The usefulness of the proteomic approach
is highly dependent on experimental design®.
One common approach is to compare 2D
maps of samples derived from non-induced
(control) with induced (stressed) tissues. Panel E represents a non-induced rice shoot sample and panel F an induced rice shoot
sample (by subjecting to 6 h of anoxia stress, see Hossain et al.” for details on the stress treatment). Induced proteins (shown by ar-
rowheads in panel F) could be important in the cellular response to a given environmental change. Repressed proteins (shown
by arrowheads in panel E) may no longer be needed in adapting to a new environment. Induced proteins may be the result of
increased transcription or activation, while those repressed may be due to decreased transcription, activated degradation or in-
activation through post-translational modifications.

SDS-FAGE

264 CURRENT SCIENCE, VOL. 80, NO. 2, 25 JANUARY 2001




SPECIAL SECTION: PLANT MOLECULAR BIOLOGY

1D ANALYSES

ONLINE HPLe

I Asgon
7 lr —-. a TANDEM-MS
...'l oo T e ° \ o ANALY SIS
..

TANDEM-MS
SFECTRIWM

DATANRAN)
SEAREM

Figure 1. Steps involved in proteome analysis by tandem mass
spectrometry. A, Proteins are separated by 2D and stained spots are
excised and subjected to in-gel digestion with trypsin; B, The result-
ing peptides are separated by on-line high-performance liquid
chromatography (HPLC); C, The eluting peptides are subjected to
tandem mass spectrometry in which two stages of mass analysis are
linked in series. The peptides are ionized by electrospray ionization
(a), then delivered to first MS in which peptides are identified based
on their mass to charge (m/z) ratio (b), further selected peptide is
fragmented by collision with an inert gas such as argon {c), and
finally the second MS analysis separates the resulting peptide
fragments (d); D, MS spectrum of the peptide gives valuable
information on amino acid sequence; E, Amino acid sequence
information helps in homology searching and cloning or database
identification of the corresponding gene.

which have the genome sequences), suffices for exact
protein identification''*'. This process known as ‘pep-
tide mass fingerprinting’, is a powerful method for pro-
tein identification and expression pattern analysis®
Recently developed techniques allow automation of in-
gel tryptic digestion of all the proteins in the 2D gel,
followed by their transfer to a membrane that can be
scanned by MS to obtain diagnostic peptide masses for
peptide mass fingerprinting”. However, until the com-
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plete genome sequence is not available for peptide mass
fingerprinting, the amino acid sequencing approach will
continue to be of great help for protein identification.
For faster automated analysis of a large number of sam-
ples, tandem mass spectrometric sequencing is the
method of choice. Amino acid sequence information
provided by MS analysis can allow homology search-
ing, cloning and database identification of the corre-
sponding gene’”*”. Li and Assmann'’ recently
subjected AAPK (ABA-activated and Ca™ -independent
protein kinase) excised from 2D to tandem MS for
amino acid sequence analysis. Peptide sequence ob-
tained from AAPK turned out to be highly conserved in
PKABALI class of protein kinases. This information en-
abled cloning of the AAPK cDNA. Truly, the synthesis
of 2D + MS is the backbone of the present-day pro-
teomics science.

Further support for proteomics has been lent by the
emerging computer technologies®®”’. Identifying pro-
teins by mass requires access to a protein sequence da-
tabase. The most commonly used databases are SWISS-
PROT, TrEMBL and non-reduntant collection of protein
sequences at the US National Centre for Biotechnology
Information (NCBI). SWISS-PROT is an annotated col-
lection of protein sequences. The NCBI database con-
tains translated protein sequences from the entire
collection of DNA sequences kept at GeneBank. Some
of the important databases are as follows: (a) SWISS-
2DPAGE for protein identification; (b) NCBI/BLAST
and SWISS-PROT which are sequence databases; (c)
SWISS-MODEL for three-dimensional structure; (d)
PROSITE (e.g. PIR, SWISS-PROT) for domain struc-
ture, and finally (¢) GenBank and EMBL which are
DNA data banks. The science, of bioinformatics is a
cardinal part of the present-day proteomics science, as
development of sophisticated software for an efficient
analysis and storage of data with partially automated
comparison of multiple 2D gels is needed in scaling
proteomics to meet challenges put by the genomics re-
search.

The protein interactions can be analysed directly
through proteomics science by performing co-
precipitation studies with a ‘bait’ protein followed by
mass spectrometric ‘read-out’ of the bound proteins.
Proteomics techniques aimed at identifying protein—
protein interactions have been used successfully to
characterize multiprotein complexes such as spli-
ceosome”®, nuclear pore complex™ and the transient
complexes in cell signalling’®. The architecture of the
nuclear pore complex has been revealed to an unprece-
dented detail using the proteomics approach®. Nuclear
pore complex is the gateway that regulates two-way
traffic between the nucleus and the rest of the cell. Us-
ing MS technique, all the detectable polypeptides in the
complete nuclear pore complex of yeast have been iden-
tified. This work has revealed that around 30 different
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proteins constitute the nuclear protein complex, and it
has been possible to localize each protein within the
complex by immuno-electron microscopy and determine
how much of each was present. Indeed, ‘interaction pro-
teomics’ is the answer to large-scale, unbiased explora-
tion of complexes, cellular structures and pathways.

The post-translational modification of proteins is a
key regulatory event in many cellular processes, includ-
ing signalling, targeting and metabolism. Current de-
velopments in proteomics enable the global analysis of
post-translationally modified proteins. The MS has been
employed to characterize function-critical post-
translational modifications, including phosphorylation
and glycosylation“. The feasibility of modification-
specific proteomics is shown by the recent study of
phosphopeptides'".

Based on the above account, it can be inferred that the
current scope of proteomics is much broader than was
indicated by its classical definition that included only
the 2D-based analysis''. Tt includes protein identifica-
tion, study of post-translational modifications and pro-
tein—protein interactions and the determination of
function. Several newer methods of protein analysis
such as affinity purification, antibody usage, yeast two-
hybrid system, phage display, etc. have been combined
with 2D to effectively address to these objectives''.

Current applications of proteomics in varied
biological systems

Proteomics has been aptly called the ‘science in prepa-
ration for the new millennium’, due to rapid advances
achieved in its automation, combinatorial chemistry and
high throughput screening’>*’. On account of its enor-
mous potential, proteomics can be further divided into
‘expression proteomics’ (study of global changes in
protein expression) and ‘cell-map proteomics’ (systemic
study of protein—protein interactions). Proteomics is
proving an indispensable tool for examining alteration
in the protein profiles caused due to gene mutations,
introduction or silencing of genes or in response to
various stress stimuli in a relatively fast, sensitive and
reproducible way. This science is becoming important
for generation of information on physiological (e.g.
regulatory behaviour and function), biochemical (e.g.
metabolic and structural data), genetic (e.g. gene map-
ping and the assigning of the structural genes to the 2D
gel map) and architectural (e.g. location of the proteins
in the cell) aspects. Proteomics-based approach is prov-
ing important for characterization of individuals or
lines, estimation of genetic variability within and be-
tween different populations, establishment of genetic
distances to be used in the phylogenetic studies and
characterization of mutants with localization of genes
encoding revealed proteins’. Selective applications of
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proteomics in animal and microbial systems include
discovery of target molecules, designing/discovery of
novel biomolecules and proteins (pharmaceutical,
industrial and environmental applications), finding
high-value peptides/proteins, antibodies, vaccines,
enzymes, therapeutic peptides, drug discovery and
biomolecular engineering®*°.

In view of the anticipated role of proteomics in eluci-
dating the function of the genes that are (or will be)
sequenced in the near future, there are on-going at-
tempts to establish a comprehensive protein database
for a wide group of subjects by several public and pri-
vate firms. The governments of several countries have
allocated massive funding to proteomics in recent years.
For instance, Japan has taken a strong initiative to sub-
stantially boost research on proteomics in the govern-
ment budget request for the financial year 2000 (ref.
37).

Plant proteomics research

Proteomics is becoming a necessity in plant biology for
deciphering the function and the role of genes in the on-
going plant genome sequencing projects. The applica-
tions of proteomics can be enormous in boosting up
agricultural producti0n38. Selective reports in which 2D
analysis has proven to be of great use in plants are
shown in Table 2. Here we consider in some detail the
specific case of plant-abiotic stress interactions to fur-
ther illustrate how proteomics research is proving to be
of great help towards identifying mnovel stress-
responsive genes and towards genetic engineering for
increased-level stress tolerance. Production of abiotic
stress-tolerant transgenic plants is critical for the much-
needed future increase in crop production and yet this
research is presently limited by dearth of information on
genes related to stress tolerance'””°**. The physiology

Table 2. Selected examples of the usage of two-dimensional protein
gel electrophoresis technique in plant systems

Application Reference

Identification of somatic embryogenesis-related 76
proteins

Construction of wheat seed protein map 77

Scoring of polymorphism in Saccharum sp. 78

Association of protein amount polymorphism with 79
performance of hybrids in maize

Identification of marker protein for distinguishing 80
indica-japonica rice

Preparation of data-file of rice seed proteins 81

Tagging of plasma membrane proteins in Arabidopsis 82

Examining fate of the transgene product in 4. thaliana 83

Identification of lumenal and peripheral proteins 84
in pea thylakoids

Analysis of soybean peribacteroid membrane proteins 85
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and biochemistry of plant abiotic stress responses is
also poorly understood** 7. As a shot-gun approach
to unravel biochemical and molecular changes elicited
in stressed cells, electrophoresis of proteins isolated
from non-induced (control) and induced (stressed) cells
has been practised in a number of studies. The bulk of
the early work on stress proteins was carried out em-
ploying 1-dimensional (1D) protein gel electrophoresis.
Thus, the initial detection of ‘pathogenesis-related pro-
teins or PR proteins’ and ‘heat shock proteins or HSPs’
in plants was made by this approach. However, more
recently, 2D is being routinely employed for the objec-
tive of analysing stress proteins in plants. Costa e al.*®
employed 2D + micro-sequencing in order to identify
the drought-responsive proteins that accumulate during
the phase of water deprivation in Pinus pinaster seed-
lings. Of a total of 1000 protein spots resolved on the
gel in this study, 38 responded to stress. When internal
micro-sequences obtained for 11 proteins were ana-
lysed, 10 could be identified through sequence homol-
ogy-based search. Importantly, the identified proteins
were found to be associated with diverse processes such
as photosynthesis, cell elongation, antioxidant metabo-
lism and lignification.

The detailed characterization of stress proteins and
their corresponding genes has proven to be of immense
practical value. To appreciate this, let us first take here
the example of flooding stress which is a major abiotic
factor that affects several important crops™~°. The cel-
lular damage in response to flooding stress is caused
mainly due to anoxia as O, supply to submerged plant
parts is drastically reduced”. Sachs et al’' analysed
proteins induced in response to anaerobic stress in
maize primary roots and reported that a small number of
‘anaerobic polypeptides (ANPs)’ accounts for more
than 70% of total protein synthesis after 5 h of anaero-
bic stress. Further work established that ANPs are
mostly constituted by the enzymes of glycolysis and
ethanolic fermentation pathways®, suggesting that an-
oxically-treated cells up-regulate ethanolic fermentation
and glycolytic pathways as a strategy to survive under
such stress conditions. These observations provided the
basis for the recent work in which transgenic rice plants
have been produced that over-expressed pyruvate de-
carboxylase (PDC), an enzyme that rate-limits the etha-
nolic fermentation process. Transgenic plants over-
expressing PDC were found to possess relatively higher
flooding tolerance™. There are several other examples
of a similar nature, wherein useful research strategies
have emerged based on proteome information. Moons et
al.” have reported that ‘late embryogenesis abundant
(LEA)’ proteins are present in higher amounts in the
salt-tolerant rice cultivars compared to the sensitive
cultivar. When the Aval gene of Hordeum vulgare
(which encodes LEA protein) was transformed into rice
cells, these plants maintained higher growth rates than
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the non-transformed plants (control) under water and
salt stress conditions . Earlier it was reported from our
laboratory that 100 kDa HSPs are accumulated to a sig-
nificant level in diverse plant species in response to
high temperature stress” > . When recently the hspl00
gene was over-expressed in the transgenic Arabidopsis
plants, it caused a significant increase in high tempera-
ture tolerance®’.

The future avenues for further increasing stress toler-
ance warrant that several stress tolerance-related genes
must be pyramided3. The realization of this goal can
only be achieved if major breakthroughs are made in
further identification of the stress-related proteins and
isolation and cloning of the requisite genes3’44. Genom-
ics and proteomics research will be of great help in con-
stantly expanding the information on newer stress-
responsive genes and proteins. For instance, Moons et
al.®" have reported that complete submergence of rice
seedlings for 60 h increased the accumulation of a
97 kDa protein in roots. When peptides generated by in
sity tryptic digestion of this 2D protein spot were ana-
lysed, significant homology to plant pyruvate ortho-
phosphate dikinase (PPDK) protein was revealed. This
study thus associated PPDK protein to flooding stress
response in rice. Recently, Chang er al.®> analysed the
patterns of protein synthesis during hypoxic and anoxia
conditions in maize by employing 2D method. In this
study, expression of as many as 262 individual proteins
was shown to be altered with changes in O, tension re-
gime. Further, of 48 protein spots analysed by MS, 46
were identifiable on the basis of database search. The
identified proteins showed a wide range of functions.
Thus, applications based on results of protein analysis
are enormous in production of abiotic stress-tolerant
transgenic plants.

Conclusions

There is a great deal of progress in cataloguing novel
gene sequences accruing from the current international
initiatives on the genome projects. Parallel efforts are
being put to unveil the functionality of these genes by
the approach of proteomics. High-throughput in pro-
teomics is a must in this endeavour. The 2D technique
is one of the basic inputs in proteomics research. The
experimental methods dealing with extraction of pro-
teins and their separation by 2D have been optimized to
a great deal. While 2D works reasonably fast in terms of
‘qualitative’ performance, it is the ‘quantitative’ per-
formance that counts in application of 2D in proteomics
research. In the current method of analysis, each 2D
spot is separately extracted, digested and analysed,
which is a time-consuming process'’. Additionally, 2D
currently has an insufficient dynamic range for com-
plete proteome analysis owing to its limited loading
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capacity and the detection limits of staining. Further,
specific classes of proteins are excluded or under-
represented in 2D gel patterns. These include very
acidic or basic proteins, excessively large or small pro-
teins and membrane proteins'’. Clearly, the detection
and quantification of low-abundance proteins such as
transcription factors, protein kinases and other regula-
tory proteins is incompatible with the standard 2D + MS
approach'***® These arguments call for further techni-
cal developments in the 2D methods. It is suggested that
development of ‘protein chips’, analogous to microarray
chips for nucleic acids, could provide convenient high-
throughput solution to proteome analysis®". However, as
proteins are more complex and more diverse compared
with nucleic acids, development of such chips for pro-
teomics has proved difficult so far''®*. Finally, it is
possible that other methods of protein analysis such as
HPLC and capillary IEF (CIEF) may be combined with
MS in the years to come, for meeting the deficiencies
that are encountered in current 2D protocols“.

Plant biotechnology research looks at proteomics re-
search with great optimism. With the realization that
complete genome sequence of Arabidopsis (a dicot sys-
tem) has already been obtained and O. sativa (a mono-
cot system) genome sequence will shortly become
available, analysis of stress proteins and stress genes
has acquired added significance. It should be possible to
obtain pictures of stress-associated global changes in
mRNA/protein alterations with these developments.
Once that stage comes, efforts would be needed to dis-
tinguish the stress-responsive genes which impart stress
tolerance and which do not impart stress tolerance
through appropriate experimentation, such as by using
transgenic technology. Availability of newer stress-
tolerance genes may then lead to fresh avenues for pro-
duction of genetically engineered high-level stress tol-
erant plants through the pyramiding approach. The
present-day proteomics research promises a great deal
for the agriculture of tomorrow.
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