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Abstract

Substantial advances have been made in the fundamental understanding of human biology, ranging from DNA structure
to identification of diseases associated with genetic abnormalities. Genome sequence information is becoming available in
unprecedented amounts. The absence of a direct functional correlation between gene transcripts and their corresponding proteins
however, represents a significant roadblock for improving the efficiency of biological discoveries. The success of proteomics
depends on the ability to identify and analyze protein products in a cell or tissue and, this is reliant on the application of
several key technologies. Proteomics is in its exponential growth phase. Two-dimensional electrophoresis complemented with
mass spectrometry provides a global view of the state of the proteins from the sample. Proteins identification is a requirement to
understand their functional diversity. Subtle difference in protein structure and function can contribute to complexity and diversity
of life. This review focuses on the progress and the applications of proteomics science with special reference to integration of
the evolving technologies involved to address biological questions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction cannotbe solely explained by its genomics, but rather in
the way these gene products interact, initiating a study
The completion of human genome sequence hason proteins Grant and Blackstock, 20pIThe concept
been one of the most important scientific achievements of proteome was first proposed lilkins (1995)and
of this century. One of the most surprising elements of refers to the protein equivalent of the genome. Pro-
the whole research was that humans have barely moreteomics is a systematic analysis of proteins expressed
genes than fly and/or worm. The human complexity byagenome. Genome now only represents the first step
in the complexity of understanding biological func-
"+ Corresponding author. Tel.: +1 706 542 6455; tion. While traveling from genome to proteor_ne, cr_aters
fax: +1 706 542 5828. have been encountered. Gene protein relationship may
E-mail addressvdhingra@vet.uga.edu (V. Dhingra). not be monogamous. A single gene can encode for
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more than one protein species. The recent compila- separation of proteins in two dimensions, character-
tion of the human genome database has given riseization of separated proteins by mass spectrometry,
to a number of predicted proteins, which require pri- and information mining using Bioinformatics tools
mary structural and functional identities. Hence, the (Fig. 1). There is, at present, no substitute to the two-
gene sequence information and pattern of gene activity dimensional electrophoresis. However, there are num-
inside the cell do not provide a complete picture. One ber of areas where this technology can be improved
has to now look beyond the genomic level to establish (Celis and Gromov, 1999.e., sample preparation and
a link between the gene and the protein. Measurementdetection methods. The challenge is substantial, and
of transcript or mRNA levels cannot give complete with the knowledge along with the tools available,
information on cellular regulations, as gene expres- looks achievable. Proteomics can, thus, revolutionize
sion is regulated post-transcriptionally and by the time the health and commercial arenas by providing func-
the myriad of the post-translational modifications are tional identification to such proteins using its multi-
considered, the number of proteins expressed in a cellfaceted approaches.
is many times more than the coding potential of the
organism Cobon et al., 2002 Hence, it is necessary
to determine the protein expression levels directly. The 2. Sample preparation
proteome of the cell will reflect the immediate envi-
ronment of the protein. However, protein dynamics Sample preparation is one of the most important
does keep changing in accordance to the intracellular steps in the whole proteome analysis. Pretreatment of
and/or extra-cellular stress. One distinct advantage of samples for 2D electrophoresis involves solubilization,
proteomics is the potential of detecting changes that denaturation and reduction to completely break up the
occur after the messenger RNA step, thus giving quan- interactions between the proteinRabilloud, 199%
titative analysis of protein expression profiles. It can and, removal of all interfering compounds to ensure
also aid in studying the interactions between proteins, efficient separation. One must ensure that there are
hence aiding us to understand the mechanisms of spe-no artifacts due to the method of protein preparation.
cific processes and pathways inside the cells. The aim Galvani et al. (2001a, 2001bndHerbert et al. (2001)
would not only be to identify the proteins, but also to have recently showed that initial steps of sample prepa-
create a map representing where the protein is located.ration can have profound effect on the final outcome of
These ambitious goals require involvement of different protein separation and their subsequent analysis.
disciplines such as molecular biology, bioinformatics, Several methods have also been suggested to
and biochemistry. Hence, the earlier definition of pro- improve the sample preparation to get an unbiased reli-
teomics Wilkins, 1995 does not take into account able map that gives the accurate representation of all
the highly dynamic nature of proteome. The definition proteins in the sample. Lysis of the cells or tissue may
of Proteomics should be the protein complement of a be achieved by flash freezing the cells in liquid nitro-
given cell at a given time, including the set of all pro- gen and homogenizing in mortar with pestzh{ngra
tein isoforms and modificationslé Hoog and Mann,  etal., 2000; Davidsson et al., 20@k in potters homog-
2009. enizer Carboni et al., 2002 with either ultrasonic

In biomedical applications, proteomics promises a disintegrators or enzymatic lysis (e.g. with lyzozyme),
new dawn by providing insight into the causes of dis- detergents, or repeated freezing and thawing or a com-
ease or in identifying an early marker in the initiation bination of these methods. After lysis, it is necessary
of adisease process. Thus, by understanding the pathoto remove the interfering substances (phenolic com-
logical mechanisms, novel disease pathways can bepounds, nucleic acids), and insoluble components (by
known. This, however, is not yet a reality due to the high speed centrifugation\5rg et al., 200D There
sheer complexity. Proteomics is also specially well- can be no general method of sample preparation. The
matched to drug discovery because most drugs inhibit lysis procedure for each kind of tissue or cell needs
function of specific proteins. Many elegant tools have to be optimized to minimize proteolysis and modifica-
been designed in an approach to study proteins usingtion of proteins. The ultimate goal would be to preserve
this approach. The major ones include, high quality the proteins in the same primary structure found in the
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Fig. 1. Outline of a strategy to perform proteomics (an overview).

cell. Proteases present in the sample tend to produceing them in ice-cold acetone or TCA or TCA/acetone.
artifacts on the 2D map. These can be silenced by addi- After cell lysis and removal of interfering components,
tion of proteases inhibitors. However, these proteasesthe samples should be resolubilizédaferval et al.,
inhibitors can sometime too aid in adding artifactual 1986. Sample solubility can be improved by using
spots on the two-dimensional profil®{nn, 1993. appropriate mixture of Chaotropic ageniapilloud
Proteases can also be inactivated by boiling the sam-et al., 1997, and new efficient detergents (e.g. NP-
ple in 1% SDS solution. However, SDS has a negative 40, Triton X-100, CHAPS or SDSRabilloud et al.,
charge and therefore, not compatible with isoelectric 1990; Chevallet et al., 1998 uche et al. (2003¢val-
focusing. SDS also has a substantial negative effectuated various non-ionic and zwitter-ionic detergents
on alkylation efficiency of the proteirGalvani et al., as solubilizers for membrane protein. They found that
20018. PMSF or protease cocktails can be added to non-ionic detergents like dodecyl maltoside, decaethy-
deactivate proteases. However, they need to be addedene glycol mono hexadecyl ether, Triton X-100 and
before the addition of reductant and can sometimes detergents with oligooxyethylene sugar or sulfobetaine
lead to charge modifications of some proteiBsiin, polar heads were quite efficient in solubilizing mem-
1993. The proteins can be cleaned by either precipitat- brane proteinsStasyk et al. (2001has suggested the
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use of 2D clean up kit (Amersham Biosciences, USA)
to clean the protein solution. The principle is similar
to the method suggested amerval et al. (1986)
There is an addition of a detergent co-precipitant by
which the proteins are better precipitated from the
solution. The wash buffer contains some organic addi-
tives that allow rapid and complete resuspension of
the proteins with solubilizing or lysis buffer. A typi-
cal lysis buffer could be a mixture of 9M Urea, 1%
DTT, 2% CHAPS and 0.8% carrier ampholytes. Urea
denatures sample proteins, rapidly inactivating any
enzyme activity, which could lead to protein modi-
fication. 3-(3-Chloramidopropyl)dimethylammonio-1-
propanesulphonate (CHAPS) is a zwitter-ionic deter-
gent and one of the most effective solubilizing agent.
It increases the solubility of hydrophobic proteins.

a pH gradient according to theit,pwvhilst in the sec-
ond dimension the proteins are separated according to
their molecular weight by SDS-PAGE. Combination
of these two separation techniques resolves protein to
a spot on the two-dimensional map that is fixed by the
coordinates as determined by its isoelectric point and
molecular weightig. 2). This map can be considered
as the protein fingerprint of the sample. Two such fin-
gerprints derived from two different cellular stages of
an organism can be compared to see the up/down reg-
ulation or appearance/disappearance of protein spots.
This can be extrapolated in determining the protein
function in a particular cellular stage of the organism.
The first dimension of electrophoresis involves
denaturing isoelectric focusing using 3mm wide
Immobilized pH gradient gels. IPG strips have a gra-

Thioureaincreases the solubility of proteins in presence dient of charge imbedded in acrylamide significantly

of urea Rabilloud et al., 1997; Pasquali et al., 1997
DTT maintains proteins in a reduced state, breaking
disulphide bonds and enhancing solubiligl€land,
1964. 2-Mercaptoethanol is not recommended, as it
is required in higher concentration and impurities can
result in artifacts Karshall and Williams, 1984 In

improving the reproducibility and reliability. They also
overcome problems of pH gradient instability, dis-
continuous and restricted pH gradients, and the dif-
ficulty of standardizing batches of carrier ampholytes
(Bjellgvist et al., 1982; Humphrey-Smith et al., 1997
Also, fewer proteins are lost during equilibration in

more recent times, thiophosphine is also used as it SDS buffer because the fixed charged groups of the gra-

is more powerful than DTT and, also is required in
much lower concentrations (3—-5 mMpié€rbert et al.,
1998. However, its low solubility and poor stability in
rehydration buffer can limit its use. IPG buffer (carrier

dient hold the proteins back like a weak ion exchanger
(Righetti and Gelfi, 1984 Samples are applied either
by cup loading or by in-gel rehydration. In cup loading
method, the strips are pre-rehydrated with rehydration

ampholytes) ensures even charge distribution along thebuffer and the samples are applied into the loading

pH gradient in the first dimension run. They also tend
to improve separation by enhancing protein solubility.
Bromophenol blue (an anionic dye) is generally added
to control the running conditions. To minimize protein
modifications and ensure high resolution, there must

cup at either acidic or basic end. While in in-gel rehy-
dration, the sample in lysis buffer is diluted with the
rehydration buffer. Rehydration of a strip occurs in an
individual strip holder or in a reswelling tray. The dry
gel matrix takes up the fluid together with the proteins

be an even charge distribution on the proteins and, the (Westermeier and Naven, 200Eocusing (IEF) is car-

reagent should not contribute significantly to the con-
ductivity of the sampleHerbert et al., 1997

3. Two-dimensional polyacrylamide gel
electrophoresis

A critical requirement of proteomics research is high
quality separation of cellular proteins. A path break-
ing innovation byO’Farrel (1975)led to the develop-

ried out on a first dimension electrophoresis unit (either
Multiphor or IPGPhor from Amersham Biosciences,
USA) consisting of five phases of stepped voltage from
500to0 3500V (Multiphor) or 500 to 8000 V (IPGPhor).
Immobilized dry strips come in a variety of lengths
(from 7 to 24 cm) and pH ranges (wide gradients for
an overview of the entire protein spectrum and narrow
gradients for increased resolution).

However, proteome profiles generated by the two-
dimensional maps do not always represent the entire

ment of a classical proteomics tool, two-dimensional proteome. Most proteins seen on the gel tend to be of
gel electrophoresis. The proteins are resolved in two higher abundance or “housekeeping” proteins. Proteins
dimensions: the first dimension separates proteins in which are in low abundance (low copy humbers) may
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Fig. 2. A 2D map of proteins from mice neurons. The 1@0of proteins were focused on an IPG strip at a pH range of 4—7 and subsequently
run in second dimension. The spots circled represent the protein expression that have been up-regulated due to viral infection. The gel was silver
stained on Hofer Processor pli3hingra et al., in pregs

not be visible on the two-dimensional g&ygi et al., A bad run leading to smearing of spots can always
2000. To improve the loading capacity and generate engender false positive. Also, to be sure of the dif-
a more representative profile, different strategies are ferences observed, numerous gels have to be run and
adopted. compared.

Samples are fractionated and/or narrow range pH In differential in-gel electrophoresis (DIGE), one
gradient (single pH range) can be used. More sam- can quantitate the protein differences within the same
ples (~500n.g) can be loaded on narrow range pH. 2D gel. An equal amount of each protein preparation
This can increase the detection of protein spots by can be differentially labeled with reactive Cy2, Cy3
5-10 folds Gygi et al., 200D. Conventional sepa- and Cy5 dyes. These are identical in molecular weight
ration techniques, viz. ion-exchange chromatography and isoelectric point, but different in excitation and
can be incorporated to fractionate the samples prior emission wavelength. These are then mixed and run
to 2D electrophoresisButt et al., 2001 Recently, on same 2D geldH{g. 3). These proteins are linked to
Coquet et al. (20045howed that the use of 24cm the dyes by lysine labeling, which label the proteins via
immobiline dry strip gels also improve protein sepa- the terminal amine group of lysin&flu et al., 1997.
ration. Another approach would be to use differential The ratio of dye to protein is kept very low to ensure
in-gel electrophoresis (DIGE), atechnology developed that the protein visualized on the gel contains a sin-
by Amersham Biosciences, USA. Conventional two- gle dye molecule. In differential in-gel electrophoresis,
dimensional method relies on comparing profiles from the labeled samples are run on the same 2D gel. These
at least two gels. This can sometimes translate to a statesamples are then imaged separately (at different wave-
highly analogous to frustration, as no two gels can be lengths). Since they have originated from the same gel,
identical due to differences in gel composition, pH and the images can be overlaid and compared directly with-
electric fields, and thermal fluctuations. Hence, no two- out warping Tonge et al., 2001(Fig. 4). They also do
gelimages are directly super imposable and warping is hot compromise the mass spectrometry analysis and
always required in order to overlay and compare them. lead to enhanced recovery of peptides.
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Fig. 3. Principle of 2D-DIGE Dhingra et al., in pregsProtein dif-

ferences can be quantified within the same 2D gel.

Visualization of proteins following 2D elec-
trophoresis is usually done by staining with either
coomassie brilliant blue stain, which will detect pro-
teins present in amount greater than 100Nguhoff
et al., 1988. For greater sensitivity, proteins in the
range of 2-5ng can be detected by silver staining
(Shevchenko et al., 1996However, silver stains can
be disparaging to mass spectrometry analysis as many
of the fixation methods contain glutaraldehyde, which
can cross-link proteins and lead to inefficient digestion
by trypsin.

Glutaraldehyde can be omitted from the silver stain
formulation to make it more compatible to the mass
spectrometer. However, the detection sensitivity is
then compromised. Moreover, silver stain, though sen-
sitive, does not have dynamic linearity and has a large
protein-to-protein variability making quantification
more difficult and less reproducibl&teinberg et al.,
1996. Proteins have also been radioactive labeled to
get quantitative information using a Phosphorimager
(Vercoutter-Edouart et al., 20DHowever, metabolic
labeling can be operationally hazardous and, can
sometimes change the biology of the system under
study (Tonge et al., 2001 Non-covalent fluorescent
stains such as SYPRO orange, SYPRO ruby (Molec-
ular Probes, OR) have a larger linear range and, are as
sensitive as silver stainBérggren et al., 1999; Stein-
berg et al., 1996 Western blotting or immuno staining
can also be done to stain single protein or a group of
proteins against which antibodies are available.

4. Protein identification

The desired end point of any proteomics expression
would be to identify and characterize the proteins. One
of the most common methods of identifying proteins
is through peptide-mass fingerprintingegnzel et al.,
1993; Mann et al., 1993 The proteins are digested
with a proteolytic enzyme such as trypsin, to pro-
duce a set of tryptic fragments unique to each protein
(Fig. 5. The masses of these peptides are then deter-
mined by mass spectrometry. It has been possible to
determine the molecular structure of proteins that show
up as spots on two-dimensional gels using mass spec-
trometry. This novel technology determines the mass
to charge ratio rfvz) of individual molecules in the
gas phase by observing their flight in electric and/or
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Fig. 4. 2D-DIGE showing protein profiles &undulus heteroclitufiver extract, betweenlpf 4.5 and 7.0 Green spots represent proteins that

are up regulated in Fundulus liver from clean site whereas red spots indicate proteins up regulated in Fundulus liver from creosote-contaminated
site (Atlantic Wood, VA). Yellow spots represent proteins common in both extracts. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

magnetic fields. Once the ions are formed, they can ation resulting in vaporization of matrix and sample
be separated according to theifz and detected. The  embedded in matrix. Once in the gas phase, the analyte
most common system for doing this is matrix-assisted molecules are ionized, these are then directed towards
laser desorption/ionization time-of-flight mass spec- the mass-analyzer, calculating the time of flight. The
trometer (MALDI-TOF). MALDI allows the analysis = molecular weight values of the trypsinized peptides
of high molecular weight compounds with high sensi- obtained by MALDI-TOF are then used to identify the
tivity and, softionization with little or no fragmentation  predicated proteins using Web-based search engines
is observed. Itis also tolerant to salts in millimolar con- such as MASCOT and PROFOUNDP€rkins et al.,
centration. However, there is always a possibility of 1999; Zhang and Chait, 20P(Fig. 6). The mass spec-
photo degradation by laser desorption/ionization and trometry technology can also be utilized to identify
Matrix masksm/z below 500. The resolution is low, differences in the post-translational modification of
and MALDI is quite intolerant to detergents. MALDI  various proteins. It is often clear from the gel pro-
uses a solid matrix and a laser light as its ionizing files if there are significant changes in glycosylation
beam. The matrix is typically a small energy absorb- or phosphorylation of proteins in the extraGabon et

ing molecule such as-cyano-4-hydroxycinnamicacid  al., 2003.

or 2,5,-dihydroxybenzoic acid. The non-volatile matrix A minority of the proteins may be recalcitrant to
plays an important role by absorbing the laser radi- MALDI-TOF analysis. Moreover, the information
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Fig. 5. Trypsinization of proteins to peptide fragments (frGygi et al., 200Q. The proteins are digested with a proteolytic enzyme such as
trypsin, to produce a set of trypic fragments unique to each protein.

obtained from MALDI-TOF is simply a function of  depend on many factors including primary sequence,
signal intensity and hence, non-uniform nature of the amount of internal energy, how the energy was
matrix and/or variation in detector response can lead introduced, charge state, etc. The accepted nomencla-
to non-reproducible signal response. Also, a given ture for fragmentions was first proposed®gepstorff
peptide map may not have sufficient information to and Fohlman (1984)and subsequently modified by
identify the protein or the protein may not be present Johnson et al. (1987Fragments will only be detected
in the database. In such cases, the proteins may be anaif they carry atleast one charge. If this charge is retained
lyzed by nanoelectrospray tandem mass spectrometryon the N terminal fragment, the ion is classed as either
(Shevchenko et al., 1996r quadruple mass spectrom- a, b or c. If the charge is retained on the C terminal,
eter (Q-TOF) Morris et al., 1997, which provides the ion type is either x, y or z. A subscript indicates
MS/MS spectra that can be used to deduce the orderthe number of residues in the fragmemaile 7). The

of the amino acids in the tryptic peptides. The types difference in the mass between adjacent y- or b-ions
of fragment ions observed in an MS/MS spectrum corresponds to that of an amino acid. This can be

mtensny

Mass(m/z)
Control Mass List
— Database search

.
B s to identify protein

B et o intensi
g ity

Mass(m/z)
Sample Mass List

Fig. 6. A typical mass spectrometry experiment. The proteins are in-gel digested and applied to MALDI-TOF to calculate the time-of-flight of
ions that are formed when the ionizing beam of laser hits the peptides. The molecular weight of the trypsinized peptides are then used to identify
predicted proteins using web-based search engines.
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Table 1
Formulae to calculate fragment ion masses

lon type lon mass

a [N]+[M]-CO

a* a-NHs

a a-H,O

Ar (a+H)/2

B [N]+[M]

B" b-NH3

B° b-H,O

B** (b+H)/2

c [N] +[M] +NH3

D a: partial side chain
\% y: complete side chain
w z: partial side chain
X [C]+[M]+CO

Y [C]+[M]+H2

Y* y-NH3

Y° y-H,O

A (y+H)/2

z [C] +[M]-NH

[N] is the mass of N-terminal groupC] is the mass of C-terminal
group, M] is mass of the sum of the neutral amino acid residue
masses.

ment of sophisticated software for an efficient analysis
of data that is acquired from running multiple 2D gels
and mining from mass spectrometry is needed to meet
challenges put up by genomics research. A friendly
interface, interactive data acquisition and network-
ing are few of the important aspects that need to be
addressed to define a subset of variables from a number
of possibilities that may be generated from processing
a two-dimensional gel image. Over the past few years,
the field has renewed interest due to the boom in
software and its orientation towards the genomic
industry. The decrease in cost of computing and data
storage has had its own role to play in defining the role
of software in biological studiesatterson, 2003
Databases are at the core of bioinformatics, which
involve building a satisfactory system that is able to
capture, store, retrieve and analyze all data concerned.
The principle idea of these databases is to enable the
scientific user to get a quick idea about the current
knowledge that has been gathered about a particular
subject. Identifying proteins by mass requires access
to protein sequence database. The most commonly
used databases are SWISS-PROT, TrEMBL and

used to identify the amino acid and, hence the peptide non-redundant collection of protein sequences at the

sequence.

5. Bioinformatics in proteome analysis

Genes and proteins interact structurally, evolution-
arily, functionally, metabolically, resulting in huge
flow of information due to biomolecular interactions.
Bioinformatics, thus, serves as a bridge between
observations (data) in diverse biologically related
disciplines and the derivations of understanding (infor-

US National Centre for Biotechnology Information
(NCBI). Swiss-Prot Bairoch and Apweiler, 2000

is a collection of curated protein sequence database,
which provides a high level of annotations, a minimal
level of redundancy and high level of integration with
other databases. Each entry corresponds to a single
contiguous sequence as contributed to the bank or
reported in the literature. TTEMBL is a computer
annotated supplement of Swiss-Prot that contains all
the translations of EMBL nucleotide sequence entries
not yet integrated in Swiss-Prot. This helps in making

mation) about how the systems or processes function, data available to users as quickly as possible after
and subsequently the application (knowledge). It publication. The NCBI database contains translated
may be defined as conceptualizing biology in terms protein sequences kept at GenBank. GenBank is the
of macromolecules and then applying “informatics” largest of the biological public database, which col-
techniques (derived from disciplines such as applied lects all known nucleotide and protein sequences with
mathematics, computer science, and statistics) to supporting bibliographic and biological annotation
understand and organize the information associated(Benson et al., 20Q0lt is built by the National Center
with these molecules on a large-scalaigcombe et for Biotechnology Information (NCBI) at NIH, along
al., 200). Bioinformatics has become an integral with its two partners, the DNA database of Japan
part of proteomics. Proteomics has become more (DDBJ) (Tateno et al., 200tand the European Molec-
dependent on bioinformatics for storing proteomic ular Biology Laboratory (EMBL) Baker et al., 2000
data in databases as well as for protein extraction anda nucleotide database from the European Bioinfor-
interpretation de Hoog and Mann, 2004Develop- matics Institute. GenBank depends on its contributors
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to help keep the database as comprehensive, currento the rest of the NCBI databases, including sequences,
and accurate as possible. Recently, RESID Databasebibliographic citations, taxonomic classifications, and
of Protein Modifications has been developed. It is a sequence and structure neighbors.

comprehensive collection of annotations and structures  Data analysis is also an Achilles heel of proteomics.
for protein modifications and cross-links including Proteomics is a substrate limited science and, proteins
pre-, co-, and post-translational modifications. The tendto exist overawide range of concentration in a bio-
database provides: systematic and alternate names|ogical sample. This can generate a huge amount of data
atomic formulas and masses, enzymatic activities that and keeping pace with the ability to analyze the volu-
generate the modifications, keywords, literature cita- minous data can be difficult. Proteomics relies heavily
tions, gene ontology (GO) cross-references, protein on protein sequence database. When protein sequence
sequence database feature table annotations, structurés available, tools such as BLASTAlgschul et al.,
diagrams, and molecular models. This database is 1990, FASTA (Pearsonand Lipman, 198& Tagldent
freely accessible on the internet through resources (Wilkins et al., 1998 can be used. The two main tech-
provided by the European Bioinformatics Institute nologies used in proteomics, two-dimensional elec-
(http://www.ebi.ac.uk/RESIP and by the National trophoresis (quantification through image analysis) and
Cancer Institute, Frederick Advanced Biomedical mass spectrometry (quantification of mixture of prote-
Computing Center http://www.ncifcrf.gov/RESID. olytic peptides) can pose a challenge to data analysis.
Each RESID database entry presents a chemically The two-dimensional software continues to improve,
unique modification and shows how that modificationis but still need manual intervention.

currently annotated in the protein sequence databases, Computer programs for the analysis of 2D gels
Swiss-Prot and the Protein Information Resource were first described 20 years agaAn@erson et al.,
(PIR). The RESID database provides a table of corre- 1981). Most of the packages were developed in aca-
sponding equivalent feature annotations that is used in demic institutions and later commercialized (e.g. Elsie,
the UniProt project, an international effort to combine Gellab, Melanie, Quest, etc.)Mgissig and Bourne,
the resources of the Swiss-Prot, TrEMBL and PIR 1999; Rosengren et al., 2003 he software available
(Garavelli, 2004. Several such proteomic databases for identification of peptides selects mass spectro-
exist today and are listed ifable 2 The public avail- metric generated fragment ions automatically and
ability of such libraries is likely to result in a dramatic engenders large amount of data for analysis. This
progress in the ability to correlate the expression of sometimes gives a problem when the majority of spec-
specific protein structures with biological functions. tra are due to instrument noise or minor contaminants.
Three-dimensional structure databases can be utilizedThis data analysis can create huge loss of computing
for finding novel lead-structures of medicaments, time. The development of new algorithms has solved
pesticides, and other biologically active compounds. problems in few cases, but these produce scores that
The Protein Data Bank is the sole archive of the give only significant matches. This can lead to false
three-dimensional structures of biological macro- positives or false negatives; unless a manual check
molecules and, its entries have recently increased has been madePétterson, 2003 A major challenge
dramatically. Another three-dimensional structure to protein bioinformatics, however, is the integration
database (3DPSD) developed by the Akira Dobashi's between the huge diversity of data generated and, the
group of Tokyo University of Pharmacy and Life Sci- database and the tools currently available.

ences provides a fully optimized structures, molecular

motion trajectories, conformational distribution and

electrostatic potential mapped on the electron den- 6. Post-translational modifications

sity surfaces Ifttp://www.ps.toyaku.ac.jp/dobashi/

These databases provide fundamental resource for After transcription from DNA to RNA, the gene
drug development. The molecular modeling database transcript can be spliced in different ways prior
(MMBD) available on NCBI contains 3D macromolec- to translation into protein. Following translation,
ular structures, including proteins and polynucleotide. most proteins are chemically changed through
MMDB contains over 28,000 structures and is linked post-translational modifications, mainly through the
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Protein and protein—protein interaction databases and tools

Swiss-Prot/TrEMBL

PROSITE
SWISS-2D PAGE

ENZYME

SWISS-3DIMAGE

SWISS-MODEL Repository

GermOnLine

ChloroP
LipoP

AACompldent
Multildent
Unigene
Ensembl
RefSeq

IPI

BIND

BRITE
Cellzome

DIP

GRID

HPRD

InterPreTS
MIPS

PIM-Hybrigenics

http://www.expasy.org

http://au.expasy.org/prosite/
http://au.expasy.org/ch2d/

http://au.expasy.org/enzyme/

http://au.expasy.org/sw3d/

http://swissmodel.expasy.org/repository/

http://www.germonline.unibas.ch/

http://www.cbs.dtu.dk/services/ChlorbP

http://www.cbs.dtu.dk/services/LipoP/

http://au.expasy.org/tools/aacomp/
http://au.expasy.org/tools/multiident/

http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?db=unigene

http://www.ebi.ac.uk/ensembl/

Analysis of protein sequences and structures as well as 2D
PAGE

Protein families and domains

Data on proteins identified on various 2D PAGE and
SDS-PAGE reference maps

Repository of information relative to the nomenclature of
enzymes

Image database which strives to provide high quality
pictures of biological macromolecules with known 3D
structure

Contains annotated 3D comparative protein structure
models generated by the fully automated
homology-modeling pipeline SWISS-MODEL
Cross-species community annotation knowledgebase that
provides microarray data relevant for the mitotic and
meiotic cell cycle as well as gametogenesis

Prediction of chloroplast transit peptides

Prediction of lipoproteins and signal peptides in Gram
negative bacteria

Identify a protein by its amino acid composition

Identify proteins with p, My, amino acid composition,
sequence tag and peptide mass fingerprinting data
Experimental system for automatically partitioning
GenBank sequences into a non-redundant set of
gene-oriented clusters

Joint project between the EMBL-EBI and the Wellcome
Trust Sanger Institute that aims at developing a system that
maintains automatic annotation of large eukaryotic genomes

http://www.ncbi.nlm.nih.gov/RefSeq/key.html The Reference Sequence (RefSeq) collection aims to

http://www.ebi.ac.uk/IPl/IPlhelp.html

http://bind.ca/
http://lwww.genome.ad.jp/brite
http:/lyeast.cellzome.com
http://dip.doe-mbi.ucla.edu

http://biodata.mshri.on.ca/grid/index.html

http://www.hprd.org

http://lwww.russell.embl.de/interprets

http://mips.gsf.de/genre/projlyeast/index.jsp

http://www.hybrigenics.fr

provide a comprehensive, integrated, non-redundant set of
sequences, including genomic DNA, transcript (RNA), and
protein products, for major research organisms

Maintains database that describe the proteomes of higher
eukaryotic organisms

Collection of records documenting molecular interactions
Database of binary relations for network computation and
logical reasoning involving genes, proteins, and other
biological molecules

Yeast protein complex database

Database catalogs experimentally determined interactions
between proteins

Database of genetic and physical interactions developed in
The Tyers Group at the Samuel Lunenfeld Research
Institute at Mount Sinai Hospital

Centralized platform to visually depict and integrate
information pertaining to domain architecture,
post-translational modifications, interaction networks and
disease association for each protein in the human proteome
Prediction of protein interaction though protein structure
The MIPS Comprehensive Yeast Genome Database
(CYGD) contains information on the molecular structure
and functional network of the entirely sequenced,
well-studied model eukaryote, the budding yest
cerevisiae

Database dedicated to the exploration of protein pathways


http://www.expasy.org/
http://au.expasy.org/prosite/
http://au.expasy.org/ch2d/
http://au.expasy.org/enzyme/
http://au.expasy.org/sw3d/
http://swissmodel.expasy.org/repository/
http://www.germonline.unibas.ch/
http://www.cbs.dtu.dk/services/chlorop
http://www.cbs.dtu.dk/services/lipop/
http://au.expasy.org/tools/aacomp/
http://au.expasy.org/tools/multiident/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene
http://www.ebi.ac.uk/ensembl/
http://www.ncbi.nlm.nih.gov/refseq/key.html
http://www.ebi.ac.uk/ipi/ipihelp.html
http://bind.ca/
http://www.genome.ad.jp/brite
http://yeast.cellzome.com/
http://dip.doe-mbi.ucla.edu/
http://biodata.mshri.on.ca/grid/index.html
http://www.hprd.org/
http://www.russell.embl.de/interprets
http://mips.gsf.de/genre/proj/yeast/index.jsp
http://www.hybrigenics.fr/
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Riken-PPI http://fantom21.gsc.riken.go.jp/PPI/

PPID http://www.ppid.org

Wormbase http://www.wormbase.org

Flybase http://www.flybase.org

MGI http://www.informatics.jax.org

Prodom http://protein.toulouse.inra.fr/prodom.htmi

SWALL http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-
page+LibInfo+-id+1THFplPWCEH+-
lib+SWALL

SMART http://smart.embl-heidelberg.de

In searching interactions of proteins of interest

Unifies molecular entries across three species, namely
human, rat and mouse and is footed on sequence databases
such as SwissProt, EMBL, TrEMBL (translated EMBL
sequences) and Unigene and the literature database PubMed
Comprehensive data resource for Caenorhabditis biology
Comprehensive data resource for Drosophila biology
Integrated database on the genetics, genomics, and biology
of the laboratory mouse

Comprehensive set of protein domain families

automatically generated from the SWISS-PROT and
TrEMBL sequence databases

Comprehensive protein sequence database that combines
the high quality of annotation in Swiss-Prot with the
completeness of the weekly updated translation of all

protein coding sequences from the EMBL nucleotide
sequence database

Contains information on Swiss-Prot, SP-TrEMBL and

stable Ensembl proteomes

addition of carbohydrate and phosphate groups. Suchphosphatases). These protein modifications are highly

modifications play a vital role in modulating the func-
tion of many proteins. Analysis of these modifications

specific and tightly regulated. Analysis and compar-
ison of subproteomes (e.g. the phosphoproteome)

presents the most challenging aspect in proteomic of biological material (cells, tissues) under different

research. These modifications can affect protein
turnover, localization, protein—protein interactions
and activity. The most common post-translational
modifications include glycosylation, phosphorylation,
ubiquitination, methylation, acetylation, and lipida-
tion. Ubiquitination and sumoylation modification
targets the protein for degradation, while farnesylation
tethers proteins to membranete(Hoog and Mann,
2004. These madifications have been shown to play
an important role in development, physiology and
diseases of animals and plants. Receridgnison et

al. (2005)used a proteomics strategy to gain insight
into the complex process of sumoylation. SUMO-
conjugated proteins were isolated by a double-affinity
purification procedure from &accharomyces cere-

conditions (stimulated versus control cells, tissues
at different stages during development, cancer cells
versus control cells) provides new insights into cell
growth and differentiation, development and cancer.
Phosphorylation of proteins is one of the most stud-
ied Post-translational modifications and, it has been
shown to be essential for the function of humerous
proteins. The most common sites of phosphorylation in
proteins are tyrosine, serine and threonine. These mod-
ifications resulting in change in the molecular mass of
the affected protein are characterized by MALDI-MS
and MS/MS Mann and Jensen, 20p¥jellstrom and
Jensen (2003juggested the use of in situ liquid—liquid
extraction before MALDI-MS and MS/MS for the sep-
aration of hydrophobic and hydrophilic peptides. This

visiaestrain engineered to express tagged SUMO. The would tremendously aid in analyzing peptide mixtures
sumoylated proteins were identified by subsequent containing phosphorylated, glycosylated, or acylated

(LC-MS/MS) analysis using an LTQ FT mass spec-
trometer. Methylation of proteins plays an important
role in differentiation of progenitor cells to mature and
functional cells. Protein methylation is mediated by
protein methyl transferases. Post-translational modifi-

peptideslbarrola et al. (2003)ave used stable isotope
labeled amino acid incorporation in mammalian cell
culture, which has been used as a tool for relative
quantitation of phosphopeptides by mass spectrom-
etry. Western blot, Gel shift assays, Selenocysteine

cations is mediated by specific enzymes that catalyze insertion, HPLC techniques are the other common
binding of the groups to proteins (e.g. kinases), detection methods used on characterizing these
or removal of the groups from the proteins (e.g. modifications Nakamura and Goto, 1996; Ying et


http://fantom21.gsc.riken.go.jp/ppi/
http://www.ppid.org/
http://www.wormbase.org/
http://www.flybase.org/
http://www.informatics.jax.org/
http://protein.toulouse.inra.fr/prodom.html
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-page+libinfo+-id+1thfp1pwceh+-lib+swall
http://smart.embl-heidelberg.de/
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al., 2004; Kryukov et al., 2003; Dean et al., 1997
Affinity surface enhanced laser desorption ionization
(SELDI) has also been used to validate proteins to mon-
itor the disease-induced post-translational modification
and the ternary status of myocyte-originating protein,
cardiac troponin | in serunBtanley et al., 2004 This
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phosphoprotein can then be identified by MALDI-MS.
Edman or MS/MS sequencing can then be used to
confirm the identification of phosphorylated peptide.
Yamagata et al. (2002)dentified 5% of proteins
visible on a 2-DE gel in rat skin fibroblast culture as
phosphorylatedKimura et al. (2003)nvestigated the

method relies on surface enhanced laser desorptionpost-translational modification of 26S proteasome and

ionization time-of-flight mass spectrometry and, uses a
gold coated chip with 8 or 16, 2 mm spots that are mod-
ified with chromatographic surfaces to allow selective
adsorption of polypeptides directly from sample of
interest. Different phosphorylated forms of a protein
can be visualized by two-dimensional electrophoresis
by the ‘pearls-on-string’ patternBgkova et al.,
2003. However, identification of post-translationally
modified proteins can be quite challenging, since the
fraction of peptide bearing a particular modification
can be a small fraction of the total amount of peptide
present in the sample. Also, lack of specific antibodies
tends to exploit the limitation to a probler®{onborg

et al., 2002. Analysis is also intricate due to low
abundance and speedy removal of modified proteins.

identified the N-acetylated subunits using a proteomics
approachSoskic et al. (1999%lso successfully identi-
fied phosphorylated proteins using antiphosphoserine
and anti-phosphotyrosine antibodies following two-
dimensional electrophoresis. Although these studies
involved cell lines, they highlight possible directions
for proteomic research in two-dimensional protein
mapping and blotting Aldreda et al., 2004 An
alternative approach utilizing phospho-affinity step to
isolate intact phosphoproteins can also be considered.
The phosphoproteins can then be subsequently char-
acterized by electrophoresis and, identified by direct
de novo sequencing using tandem mass spectrometry.
Metodiev et al. (2004applied this technique to probe
signal induced changes in the phosphoproteome of

Strategies are now being developed to characterizehuman U937 cells and found that the pools of two

individual modified proteins and to map the sites to cancer-related phosphoproteins implicated in intracel-
their molecular detail. Several methods have also beenlular hormones signaling are dramatically altered in
developed that chemically tag phosphopeptides and the course of monocyte to macrophage differentiation.
make it possible to isolate them from complex mixtures Glycosylation is an important post-translational
(McLachlin and Chait, 2001 One method identifies  maodification, which involves different carbohydrate
novel phosphoproteins involved in intracellular sig- groups. Enormous heterogeneity is found among these
naling following immunoprecipitation and blotting of ~maodifications due to different lengths of sugar chains
phosphoserine and phosphothreonine proteins usingthat are involved. The composition of the glycans
specific antibodiesGronborg et al., 2002 Oda et is crucial for the function of many proteins in cell
al. (2001)andGoshe et al. (2001)sedp-elimination signaling and host—pathogen interactions. Glycosyla-
chemistry to cause loss ofsRO, from phosphoserine  tion increases the complexity of protein molecules
and derivatization with ethanedithiol. The phospho- and causes them to migrate as diffuse bands or spots
peptides were then labeled with biotin and pulled on SDS-PAGE gels to complicate efforts to identify
down by affinity chromatography. However, with this protein expression patterns that correlate with dis-
approach the phosphotyrosine-containing tryptic pep- ease statesZ@ia, 2004. Recently, Halligan et al.
tides cannot be enriched. An alternate approach would (2004) have developed a web-based tool for mapping
be to use immobilized metal affinity column based protein modifications on two-dimensional gels (Pro-
phosphopeptide enrichment approach as described byMoST). It calculates the effect of single or multiple
Ficarro et al. (2002)In contrast to Ficarro’s study, post-translational modifications (PTMs) on protein iso-
Zhou et al. (2001found predominately single phos- electric point () and molecular weight, and displays
phorylated peptides in their analysis. They modified the calculated patterns, as two-dimensional (2D) gel
the phosphopeptide using carbodiimide condensation.images. Thus, proteomics, combined with separation
Recent development of fluorescent dyes may also betechnology and mass spectrometry, makes it possi-
combined with two-dimensional electrophoresis to ble to dissect and characterize the individual parts of
label phosphoproteinsSteinberg et al., 2003 The post-translational modifications and provide a systemic
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analysis. However, detection of post-translational mod- to mimic a glycerol substrate) bound in the active site,
ification does not provide enough information for esti- confirming the earlier annotatiohésley et al., 2002
mating the function of protein. To our knowledge, NMR can also be used as a tool for determination of
there is no database and software, which can predictstructure and dynamics of protein and protein—ligand
the function from the information of post-translational complex. It can identify and characterize interactions
modification that is detected by mass spectrometry.  between protein—protein and/or protein—DNA. One of
the major advantage of using NMR spectroscopy in
structural proteomic study is that it needs little or
7. Structural proteomics no samples preparation, is rapid and non-destructive
and uses small sample sizédicholson and Wilson,
3D structures of proteins are a key elementin under- 1989. The recent sequencing of human genome sug-
standing the biological processes and play a vital role gests that there are about 600-3000 genes that can code
in the discovery of new lead drugs. Structural pro- for potential drug targets for human diseas®kins
teomics now plays a central role in various biomedical and Groom, 200R With human proteome being much
and pharmaceutical research. It attempts to identify larger and diverse that genome, there can be many
all the proteins within a protein complex, characterize more potential drug target&gbinyi, 2003. Both X-
their interactions and provide information on protein ray crystallography and NMR can aid in determining
signaling, disease mechanisms or protein—drug inter- the structure of the potential drug targ&lgre and
actions. Since the 3D structure of a protein is more Gronenborn, 1998; Staunton et al., 2D3etermina-
conserved than sequence, these initiatives also opertion of the 3D protein structure provides an insight to
up the possibility of biochemical or biophysical func- its binding site and biological functiorMinn et al.,
tional characterization via structure. Understanding 1997. This technology was first used in characteriz-
protein function at molecular level and its mechanism ing the binding of penicillin to serum albumin in a
at genetic level necessitates elucidation of its detailed nuclear magnetic relaxation studyigcher and Jardet-
interaction with its genetic counterpart. Unique contri- zky, 1965. Recently,Peti et al. (2004used NMR for
butions have been made on the mechanisms for controlstructural proteomics of 141 small recombinant pro-
of genetic information, packaging, repair and other teins ofT. maritimaproteins for globular folding. NMR
DNA-—protein interactions both by X-ray crystallog- structure determination is currently limited by size con-
raphy and nuclear magnetic resonance spectroscopystraints and lengthy data collection and analysis time.
(NMR) (Jamin and Toma, 20Q1X-ray crystallogra- However, in spite of the harmonizing limitations, NMR
phy has been used effectively in generating the first spectroscopy can play a momentous role in structural
structure-based drugs, derived from structure—function proteomics. Yee et al. outlined a strategy for the use of
studies of neuraminidase inhibitors such as zanamivir, NMR spectroscopy for structural proteomics of small
and the HIV-protease inhibitors amprenavir and nelfi- proteins based on data from 513 proteins from five
navir Blundel et al., 200R Although X-ray crystal- microorganisms. These microorganisms includes both
lography has the advantage of defining ligand-binding thermophilic and mesophilic species and, representa-
sites with more certainty, the ability of NMR tomeasure tives from the prokaryotes, archaea, and eukaryotes
proteins in their native state is an important distinction. (Yee et al., 200R Chemometric analysis of biologi-
Furthermore, NMR is increasingly being recognized as cal NMR spectra is currently being given high-priority
avaluable tool, not only in 3D structure determination, in the pharmaceutical industry with respect to devel-
but in many more upstream parts of the drug discovery opment of efficient high throughput toxicity screening
processRenfrey and Featherstone, 2002 systems for lead drug candidate selection. Advances
The availability of a 3D structure has been used to in bioinformatics will also have an impact on struc-
add supporting evidence to a functional assignment tural proteomics in the drug development chain. Struc-
made on the basis of sequence similarity. TM0423 tural proteomics is the first step to move away from
from Thermotoga maritimavas annotated asa glycerol traditional hypothesis driven research and to better
dehydrogenase and subsequent structure determinaunderstand the relationship between protein sequence,
tion showed a Tris buffer molecule (which appeared structure and function.
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orpro ! . 9 of proteomics for the assessment of clinical samples in research.
to the next generation. It has changed the whole  jin. Biochem. 37, 943-952.
approach to a biological problem. Proteome is the Altschul, S.F., Gish, W., Miller, W., Myers, E.W., Lipman, D.J., 1990.
next natural step after genome. Extensive progress has Basic local alignment search tool. J. Mol. Biol. 215, 403—410.
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. son, N.G., 1981. The TYCHO system for computer analysis of
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Post-translational modifications generate tremendous Bairoch, A., Apweiler, R., 2000. The SWISS-PROT protein sequence
diversity, complexity and heterogeneity of gene database and its supplement TrEMBL. Nucl. Acids Res. 28,
products and, their determination is one of the main _ 4548 _

. . . . Baker, W., vanden Broek, A., Camon, E., Hingamp, P., Sterk, P,,
Ch?"!enges In prOt,eomICS research. Cqmblnatlons of Stoesser, G., Tuli, M.A., 2000. The EMBL nucleotide sequence
affinity-based enrichment and extraction methods,  gatabase, Nucl. Acids Res. 28, 19-23.
multi-dimensional separation technologies and mass Benson, D.A., Karsch-Mizrachi, I.K., Lipman, K.D., Ostell, J., Rapp,
spectrometry are particularly attractive for systematic ~ B.A., Wheeler, D.L., 2000. GenBank. Nucl. Acids Res. 28,
investigation of post-translationally modified proteins. _ 15-18. _

It is apparent that the current 2D technology has its Berggren, K., Steinberg, T.H., Lauber, W.M., Carroll, J.A., Lopez,
o . M.F., Chernokalskaya, E., Zieske, L., Diwu, Z., Haugland, R.P.,
limitations for proteome analysis. However, a technol- Patton, W.F., 1999. A luminescent ruthenium complex for ultra
ogy superior to 2D electrophoresis for global profiling sensitive detection of proteins immobilized on membrane sup-
is yet to emerge. Taking into account the factors such  ports. Anal. Biochem. 276, 129-143.
as cost, availability and ease of use, we believe that Biellavist, B., Ek, K., Righetti, P.G., Gianazza, E., Gorg, A., Wester-

. . .. meier, R., Postel, W., 1982. Isoelectric focusing in immobilized
In pre;ent times, 2D electrophoresis is one ,°f the most pH gradients: principle, methodology, and some applications. J.
apposite approaches towards the methodical charac-  gjochem. Biophys. Meth. 6, 317-339.

terization of proteomes. Moreover, cell proteomes Blundel, T.L., Jhothi, H., Abell, C., 2002. High-throughput crys-
are complex and would need both 2D based and tallography for lead discovery in drug design. Nat. Rev. Drug
non-2D based technologies to help decipher protein _ Discov- 1, 45-54. _
function. This will remain a tremendous and excitin Butt, A, Davison, M.D., Young, J.A., Gaskell, S.J., Olver, S.G.,

. . g Benyon, R.J., 2001. Chromatographic sepration as a prelude
challenge in proteomics research for years to come. (o two-dimensional electrophoresis in proteomics analysis. Pro-
Finally, the interpretation of data generated would give  teomics 1, 42-53.
meaningful conclusions with successful integration of Bykova, N.V,, Stensballe, A., Egsgaard, H., Jensen, O.N., Moller,
computer routines. Structural proteomics a|0ng with I.M.,2093. Phosp_horyla?ion of formate dehydrogenase in potato

. . . tuber mitochondria. J. Biol. Chem. 278, 26021-26030.
the_ hlgh'thrOUthUt ChemIStry _and screening fo_rms Carboni, L., Piubelli, C., Righetti, P.G., Jansson, B., Domenici, E.,
an integrated platform to investigate the mechanisms 2002, proteomic analysis of rat brain tissue: comparison of pro-
that underpin the modern drug discovery process. The  tocols for two-dimensional gel electrophoresis analysis based on
eventual goal of proteomics is to typify the information different solubilizing agents. Electrophoresis 23, 4132-4141.
tide through protein networks. This information can be Celis, J.E., Qrom_ov, P.,1999. 2D electrophoresis: can it be perfected?

. Curr. Opin. Biotechnol. 10, 16-21.

acause, ora coro_llary, of d_lsease processes_. Togethe'bhevallet, M., Santoni, V., Poinas, A., Rouquie, D., Fuchs, A., Kief-
these would provide us with a complete picture t0  fer, ., Rossignol, M., Lunardi, J., Garin, J., Rabilloud, T., 1998.
improve our understanding of health and disease. Electrophoresis 19, 1901-1909.
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