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INTRODUCTION 

 

Since the discovery of the DNA double helix by Watson and Crick in 1953, the field
of genetics has been explored extensively. Until 1990, molecular and cell biologists
studied the structure of individual genes and proteins using various techniques such
as polymerase chain reaction (PCR), blotting (Northern, Southern, Western, Slot),
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), acrylamide
and agarose gel electrophoresis. On the October 1, 1990, the genome sequencing
project to form a database of human genes (Human Genome Project, or HGP) was
initiated. The completion of the project in 2000 provided a significant tool for research-
ers to search entire genomes for specific nucleic acids or protein sequences. A parallel
development in bioinformatics enabled extraction of information on human genomes
from these genomic databases. Unfortunately, information gathered from RNA in
genomic databases was not sufficient to predict the regulatory status of corresponding
proteins at cell levels. In addition, analytical methods for genomics are not suitable
for analysis of proteins. Now, scientists are turning to decoding the network of proteins
in human cells and tissues. The new project is called the Human Proteome Project
because it is similar to the genome project. The aim of the project is to investigate the
interactions among protein molecules, which will provide information in order to
understand how these interactions become dysfunctional in disease states and to find
and catalog the most vulnerable proteins for drug and diagnostic kit development. 

The terms 

 

proteomics

 

 and 

 

proteome

 

 were coined by Wilkins et al. in 1994 to
describe the entire collection of proteins encoded by genomes in the human organism.
Proteomics differs from protein chemistry at this point since it focuses on multiprotein
systems rather than individual proteins and uses partial sequence analysis with the
aid of databases. Proteins are the bricks and mortar of the cells, carrying out most
of the cellular functions essential for survival of the organism. In the cell, proteins

• Provide structure
• Produce energy
• Allow communication, movement, and reproduction
• Provide a functional framework

Proteins exhibit dynamic properties whereas genes are static. Unlike genomic
structures proteins are much more complex and, hence, difficult to study for the
following reasons.
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1. Proteins cannot be amplified like DNA. It is therefore difficult to detect
less abundant sequences. 

2. Secondary and tertiary structures of proteins are maintained during analysis.
3. Proteins are susceptible to the denaturing effect of enzymes, light, heat,

metals, and so on. 
4. Analysis of some proteins is difficult due to poor solubility.
5. Genes are not expressed in all the cells with similar characteristics. Some

genes (those encoding for enzymes of basic cellular functions) are expressed
in all cells while others are coded for functions of specific cells. Hence,
genomes are not differentiated in an organism, but most proteins are.

6. Most proteins exist in several modified forms influencing the molecular
structure, function, localization, and turnover. 

7. Genes specify the type of the amino acid forming a certain protein, but
it is not easy to identify the structure and the function of such protein
based on its amino acid sequence.

8. The shape of all genes are linear whereas proteins vary in shape upon
folding.

9. The number of genes are approximately 40,000, but a human organism
consists of hundreds of thousands of distinct proteins. 

10. As an outcome of the HGP, the old dogma claiming that one gene makes
one protein is no longer valid. In fact, one gene can encode a variety of
proteins (Figure 5.1). 

Despite the fact that it is difficult to identify a completely new tool, analytical
techniques may have the capacity to help us for this purpose over the next couple
of years. 

 

WHAT IS A PROTEOME?

 

The term 

 

proteome

 

 defines a complete protein entity encoded by a specific gene of
an organism or cell. Proteome is susceptible to any change in environment unlike
the genome. Proteome plays a key role in intracellular signaling pathways of the
immune system and intercellular metabolism as being the interface between the cell
and the environment. A specific gene produces a protein molecule following a
complex pathway (Figure 5.2). The amino acid sequence of this molecule can easily
be predicted from the nucleotide sequence of the gene. Subsequently, this protein
molecule undergoes further modifications at the post-translational stage, resulting
in the formation of a protein with different biological activities at the cellular level. 

Approximately 200 different types of post-translational modifications (folding,
oxidation of cysteine, thiols, carboxylation of glutamate) have been described. Mod-
ified proteins are then delivered to specific locations in cells to function. Post-
translational modifications significantly influence the process of degradation. For
example, some proteins undergo degradation following conjugation with ubiquitin.

Proteins have a modular structure comprised of motifs and domains. Short
peptide sequences bring specificity for certain modifications while in most cases
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FIGURE 5.1

 

Protein synthesis. 

 

FIGURE 5.2

 

Production of a protein molecule following a complex pathway. 
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longer ones form domains reflecting bulk physical properties as a result of formation
of helices in the secondary structure. 

The translation of the peptide sequence to functions in a protein molecule can
be expressed as modular units (motifs and domains) that confer similar properties or
functions in a variety of proteins. Based on characteristics of modular units, proteomes
can be classified into families of proteins possessing related functions. For instance,
some proteins play a key role in intercellular signaling pathways and some are
structural, while others participate in metabolism. Up to 40% of proteins are encoded
by the genome and carry out unknown functions, which still need to be discovered. 

The classification of proteomes revealed the occurrence of “core proteome,”
indicating the complexity of an organism or a genome and varying number of
paralogs among organisms. What makes the human organism complex is not the
size of the human genome, but the diversity of human proteomes. 

Another important issue is what can be used to predict change in protein levels.
In a review of the literature, it is apparent from the measurements in yeast and mouse
liver that there is yet no strong correlation between mRNA level and that of proteins,
especially in the case of poorly expressed genes. Therefore, conducting gene expres-
sion measurements may not be sufficient to infer protein expression. Thus, the ana-
lytical methods used in proteomics must provide detection of proteomes present in
multiple-modified forms at relatively low levels. 

Sequences of proteome can be predicted by analytical methods and these will
be covered in later parts of this chapter and can be used to define biological activity
of proteins. 

 

TECHNOLOGIES FOR PROTEOMICS

 

The main goal of the proteomic research is to find the distinction between quanti-
tative regulation and structural proteomics. Today, the core technology of proteomics
is 2DE (two-dimensional electrophoresis) coupled with MS (mass spectrometry). It
offers the most widely accepted way of gathering qualitative and quantitative protein
behavioral data in cells, tissues, and fluids to form proteomic databases. 

Protein expression and function under various physiological conditions can be
investigated by employing 2DE techniques. Quantitative regulation of proteomics
allows us to monitor quantitative changes in protein expression within a cell or tissue
under different circumstances, particularly in a disease state. 

The first important step of proteomics research is “separation of proteins.” 2DE
research is the most effective way of separating proteins as it will make it possible to
identify diseases-specific proteins, drug targets, indicators of drug efficacy and toxicity.
Again, separation of post-translationally modified protein from the parent one is
usually achieved by 2DE. Several thousands of different proteins can be separated
from each other in one gel by 2-dimensional polyacrylamide gel electrophoresis. 

Basicly, the protein separation is performed depending on the charge (isoelectric
point) or mass of protein molecules. The former is called “isoelectric focusing” in
which proteins migrate in a pH gradient toward the pI where they possess no charge.
The most commonly used method of this kind is IPG-Dalt (immobilized pH gradient
associated with 2DE-PAGE). IPG-Dalt has higher resolution, improved reproducibility,
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and higher loading capacity. Separation is conducted by size in a vertical direction
and by the isoelectric point in horizontal direction. 

Traditional gel electrophoresis methods were not sufficient enough to separate
complex protein mixtures and possessed such problems as insufficient sensitivities
and limited linear dynamic ranges of silver- and Coomasie-brillant blue staining.
This problem can be overcome by labeling with fluorescent dyes in 2DE as it will
increase sensitivity and widen dynamic separation range. Gels used in 2DE are also
selective, especially for membrane proteins and other poorly soluble ones. Unlike
silver staining in traditional methods, 2DE does not require subsequent analysis and,
hence, is preferred to apply along with mass spectrometry. 

Traditional methods of electrophoresis were time consuming as only a few gels
could be analyzed in a day and required 1 to 8 hours for manual editing per gel. On
the contrary, 2DE does not have limitations when 200 to 400 gels per week are
required to be analyzed. 

Apart from 2DE, microarray techniques are still being developed for protein
separation. This promising new technique is used for protein purification, expression,
or protein interaction profiling. The principal behind the technique is the tendency
of antibodies, receptors, ligands, nucleic acids, carbohydrates, or chromatographic
surfaces to bind to proteins. Following the capture step, the array is washed to
minimize nonspecific binding. Subsequently, it is subjected to laser light for short
intervals. Protein molecules leaving the array surface are analyzed by laser desorp-
tion/ionization time-of-flight mass spectrometry.

The second step in proteomic research is to identify the separated proteins. This
can be achieved by MS. Here, proteins are differentiated based on their mass-to-charge
ratio (m/z). At first, the protein molecule is ionized. The resultant ion is propelled into
a mass analyzer by charge repulsion in an electric field. Ions are then resolved accord-
ing to their m/z ratio. Information is collected by a detector and transferred to a
computer for analysis. The most commonly used ionization methods are 

• Matrix-assisted laser desorption/ionization (MALDI)
• Electrospray ionization (ESI)

The data obtained in MS after the proteolytic digestion of gel-separated proteins
into peptides and mass analysis of the peptides will enable the researcher to search
protein and nucleotide sequences, which can then be checked against their theoretical
fingerprints in databases. 

Separated and identified protein undergoes post-translational analysis that leads
to information on activity, stability, and turnover. Post-translational modifications,
such as phosphorylation and glycosylation, are analyzed by use of glycosylases and
phosphatase. 

Crystal structure of a protein molecule can also be determined by x-ray crystal-
lography. Purified protein is crystallized either by batch methods or vapor diffusion.
X-rays are directed at a crystal of protein. The rays are scattered depending on the
electron densities in different positions of a protein. Images are translated onto
electron density maps and then analyzed computationally to construct a model of
the protein. It is especially important for structure-based drug designs. 
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Another method of determining the secondary and tertiary structure of a protein
is NMR (nuclear magnetic resonance) spectroscopy. NMR spectroscopy reveals
detailed information on specific sites of molecules without having to solve their
entire structure.

Determining the activity of the protein molecule under investigation is most
often achieved by screening protein or peptide libraries. These libraries are formed
with the aid of viral surfaces. Another way to define activity of a protein molecule
is COLT (cloning of ligand targets). In COLT, small peptide sequences bind to larger
domain units within a protein molecule, leading to discovery of new domains and
protein molecules. 

All information obtained using the above techniques are stored in databases that
hold information to analyze biological, biochemical, and biophysical data on pro-
teins. The field of science based on such databases is called 

 

bioinformatics

 

. A simpler
way of defining bioinformatics is that it is like a huge computational expert system
on proteins. Fast developing IT (information technology) have made significant
contributions to bioinformatics. Using data stored in a protein database, a new
structure or a therapeutic agent may of then be discovered. The techniques outlined
above will be explained in detail later in this chapter. 

 

PROTEIN IDENTIFICATION

 

The basic identification process is analysis of the sequence or mass of six amino
acids unique in the proteome of an organism, then to match it in a database. Put
another way, protein identification is achieved converting proteins to peptides, deter-
mining the sequence of peptides, and then, matching with corresponding proteins
from matching sequences in a database (Figure 5.3). 

It may be assumed that a protein mixture consists of protein molecules with
different molecular weights, solubilities, and modifications. Analysis of the mixtures
begins with separation of the proteins from each other and then, cleavage of these
proteins to peptides by digestion as mass spectrometry cannot be performed using
intact proteins. The resultant peptides are analyzed employing one of the following
techniques 

• Matrix-assisted laser desorption ionization time of flight (MALDI-TOFF):
measures the mass of the peptides

• Electrospray ionization (ESI)-tandem MS: determines the sequence of pep-
tides

Finally, collected data are matched with those in a software-assisted database to
identify peptide and peptide sequences.

The best analysis can be achieved when the complexity of a protein mixture is
reduced. This will increase the capacity of the MS instrument for analysis. Consid-
ering those with approximately 6,000,000 tryptic peptides, it becomes highly chal-
lenging unless mixtures are separated to their components (single proteins or pep-
tides) prior to analysis. 
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The biological sample in consideration for analysis is first pulverized; then, it
is homogenized, sonicated, or disrupted to form a mixture containing cells and
subcellular components in a buffer system. Proteins are extracted from this mixture
using these substances

• Detergents: SDS, CHAPS
• Reductants: DTT, thiourea
• Denaturing agents: urea, acids
• Enzymes: DNAse, RNAse

The aim is to extract protein molecules as pure as possible. Detergents generally
help membrane proteins to dissolve and separate from lipids. Reductants are used
to reduce disulfide bonds or prevent oxidation. Denaturing agents alter ionic strength

 

FIGURE 5.3

 

Schematic presentation of basic proteomic analysis for identification. 
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and pH of the solution and then destroy protein–protein interactions, disrupting
secondary and tertiary structures. Digestion is achieved by enzymes. Protease inhib-
itors are often used to prevent proteolytic degradation. Conducting an extraction
process, one must consider the possibility of experiencing the interference of these
substances during the analysis. Some protease inhibitors and some detergents may
also interfere with digestion.

Extracted proteins are separated employing one of the following techniques

• 1D-SDS-PAGE (1-dimensional sodium dodecyl sulfate-polyacrylamide gel
electrophoresis)

• 2D-SDS-PAGE (2-dimensional sodium dodecyl sulfate-polyacrylamide gel
electrophoresis)

• IEF (isoelectric focusing)
• HPLC (high performance liquid chromatography)
• Size exclusion chromatography
• Ion exchange chromatography
• Affinity chromatography

1D-SDS-PAGE allows separation into smaller fractions whereas 2D-SDS-PAGE
leads to separation into many fractions. Resultant fractions are used for digestion
or further separation prior to MS analysis. 

These techniques are the most widely used ones and are described in detail below. 

 

1D-SDS-PAGE

 

This technique is based on the complexity of the system that is not favored in
proteome analysis. It is preferred in the separation of some proteins in biological
fluids (e.g., cerebrospinal fluids) and protein–protein interactions where relatively
few proteins are involved. 

Steps of the procedure are as follows

1. Preparation of a loading buffer containing a thiol reductant (e.g., DTT)
and SDS

2. Dissolving protein in the loading buffer
3. Binding of SDS to protein to form a protein-SDS complex
4. Applying to the gel
5. Applying high electric voltage to the ends of the gel
6. Migration of the protein-SDS complex
7. Formation of bands on the gel in order of molecular weight

One of the important parameters to be considered in such separation is the degree
of crosslinking of polyacrylamide. While choosing the optimum extent of crosslinking,
the molecular weight of the protein to be separated should be taken into account. For
example, the better way of separating a mixture of proteins with low molecular weight
involves use of a highly crosslinked gel. In some cases, gradient gels were produced
in which the degree of crosslinking increased gradually from the top to the bottom of

 

PH1873_C005.fm  Page 91  Friday, June 24, 2005  11:45 AM

© 2006 by Taylor & Francis Group, LLC



 

92

 

Pharmaceutical Biotechnology

 

the gel to separate proteins with a broad range of molecular weights. 1D-SDS-PAGE
usually gives a single, distinct band for proteins with diverse molecular forms. Better
resolution is achieved with 2D-SDS-PAGE because it separates the sample into mul-
tiple spots on the same band based on isoelectric points. This is due to post-translational
modifications not affecting the formation of the SDS-protein complex. 

 

2-DE

 

Proteome analysis begins with separation, visualization, and subsequent analysis of
complex mixtures containing several thousands of proteins isolated from cells or
tissues. Although sophisticated methods using chip-based technologies, microarrays,
affinity tags, and large-scale yeast two-hybrid screening have been developed
recently, 2-dimensional polyacrylamide gel electrophoresis still remains the most
favorable technique for separation of protein mixtures because it generates repro-
ducible high resolution protein separation. 2-DE separation is conducted based on
the electrical charge and molecular weight of the proteins. Using staining procedures,
separated protein molecules are visualized according to their size, brightness, and
location on the gel. The method used should be objective, reproducible, sensitive,
and compatible with computer-aided methods to process images, provide large
amounts of data, and allow quantitative analysis. 

 

Historical Development of 2-DE

 

In 1956, Smithies and Poulik first used 2-DE combining paper and starch gel
electrophoresis to separate serum proteins. Nearly 20 years later, polyacrylamide
was applied as a support medium. Charge-based protein separation followed as
isoelectric focusing (IEF), applied to SDS-PAGE. Later, urea and nonionic detergents
were used in IEF-2DE. The most significant achievement was the separation of
proteins from 

 

E. coli

 

.

 

Steps of 2-DE

 

2-DE technique can be applied with the following steps

1. Preparation of the sample
2. Solubilization
3. Reduction
4. IPG-IEF
5. Equilibration
6. SDS-PAGE

 

Preparation of the Samples for 2-DE

 

The diverse nature of proteins leads to the problem of applying a unique, single
method in preparing samples for 2-DE analysis. The most important point to be taken
into consideration should be minimizing protein modifications while preparing sam-
ples. The method with minimum modification should be chosen, otherwise artifactual
spots may form on the gel and mislead the operator.
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Serum, plasma, urine, cerebrospinal fluid (CSF), and aqueous extracts of cells
and tissues are encountered as soluble samples and often require no pretreatment.
They can be directly analyzed by 2-DE following a solubilization step with a suitable
buffer (e.g., mostly phosphate buffered saline, or PBS). 

Liquid samples with low protein concentrations or large amounts of salt should
be desalted and concentrated prior to 2-DE. Desalination can be achieved by dialysis
or liquid chromatography. The desalted sample is then lyophilized, subject to dialysis
against polyethylene glycol or precipitated with acetone to remove interfering com-
pounds.

A solubilization process is also applied to solid tissue samples. The sample is
broken up in the frozen state with the aid of liquid nitrogen (i.e., cryosolubilization).
Resultant specimens are then crushed between cooled blocks simply using a pestle
and a mortar under liquid nitrogen or homogenized in a buffer using a rotating blade-
type homogenizer. The major problem with preparation of tissue samples is to obtain
an homogenous cell content. The problem has been substantially overcome using
laser capture microdissection (LCM) by Banks et al. (2000). They applied the
technique to obtain dissection of epithelial tissue from a sample of normal human
cervix. In this technique, a transfer film was placed on a tissue section. A laser beam
was directed onto the selected area of film under an inverted microscope. This part
of the film bonds to the cells of the tissue on contact. Subsequently, this film with
the cells was removed and used for further analysis by 2-DE. 

The best method of preparing samples from the cells of an 

 

in vitro

 

 culture
medium or the circulating cells as erythrocytes or lymphocytes is by centrifugation,
followed by washing up and solubilizing in PBS. If the cells are grown on solid
substrates in culture medium, at first, the medium should be removed prior to
washing up process. This will minimize the salts interfering with the IEF. Later,
cells are lysed directly by adding small amount of PBS. 

Highly viscous cell samples containing large amounts of nucleic acids should
be treated with a protease-free DNAse + RNAse mixture. 

In case protein mixtures are needed to be fractionated, samples are subjected to
subcellular fractionation, electrophoresis in the liquid phase, adsorption chromatog-
raphy, and selective precipitation or sequential extraction based on solubility prior
to fractionation. 

 

Solubilization

 

In order to avoid misleading spots on the 2-DE profile and to remove salts, lipids,
polysaccharides, or nucleic acids interfering with separation, samples should be
solubilized. Solubilization procedure involves disruption of all noncovalently bond
protein complexes into a solution of polypeptides. It is the most critical step of 2-DE.

The most favorable solubilization method is the one described by O’Farell in
1975. O’Farell used a mixture of 9.5 M urea, 4% w/v of NP-40 (a nonionic detergent),
1% w/v of DTT (a reducing agent), and 2% w/v of SCA (an ampholytic synthetic
carrier) to obtain appropriate pH ranges for separation. However, this method is not
valid for membrane proteins. Four percent w/v of CHAPS (3[(cholamidopropyl)dim-
ethylammonio]-1-propane sulfonate) can be used in a mixture with 2 M thiourea
and 8 M urea to solubilize membrane proteins. Although SDS is a suitable detergent
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for solubilization of membrane proteins, it cannot be used as main solubilizing agent
on IEF gels due to its anionic character. SDS is often used in presolubilization
procedures. Then, SDS is removed from the sample and replaced with the solubi-
lizing detergent, which is nonionic or zwitterionic in nature. Consequently, the
sample becomes solubilized and ready for further analysis. 

Beside selection of the best solubilizing agent, the most important parameter is
the ratio of protein to detergent. The amount of SDS is also important as an excess
amount may cause interference with IEF. 

Solubilized samples should not contain nucleic acid as it increases the viscosity
of the sample, leads to the formation of complexes with the protein under investi-
gation, and may cause misleading migration on the gel. This problem may be
overcome by degrading nucleic acid with the aid of protease free endonucleases. 

 

Reduction of Proteins

 

This step in 2-DE involves reduction of disulfide bonds in the protein samples. DTT
or 

 

β

 

-mercaptoethanol are the most widely used reducing agents. However, these
thiol-containing agents cause significant problems during IEF procedures. They are
charged molecules and therefore, they migrate out of the IEF gel. This leads to
reoxidation of the protein sample causing loss of solubility. Thus, noncharged reduc-
ing agents (e.g., tributyl phosphine: TBP*) have been preferred recently. 

 

IPG-IEF

 

At first, IPG gel is prepared according to the method summarized below: 

1. Preparation of the slab gel: IPG and SDS gels are prepared at a desired pH.
2. Casting: The slab gel is cast on a polymer film (e.g., GelBond PAG film)

and polymerized. Resultant polymerized gel is washed up with deionized
water, left in 2% w/v of glycerol, and dried at ambient temperature.
Finally, the gel is covered with a plastic film. The shelf life of IPG gel is
approximately 1 year at 20

 

°

 

C. 
3. Preparation of strips: IPG gels are cut off to obtain the strips of desired

length (e.g., 3–5 mm in width) for 2-DE. The width of strips is important
to obtain separation with high resolution. For instance, the strips of 18–24
cm provide high resolution, but those with 4–11 cm are suitable only for
rapid screening. There are also commercially available strips in different
widths. 

4. Rehydration strips: The strips are rehydrated in a reswelling cup contain-
ing the mixture of 2 M thiourea, 5 M urea, 0.5–4% w/v detergents (e.g.,
Triton X-100 or CHAPS), 15 mM reducing agent (e.g., DTT or TBP),
and 0.5% w/v of SCA. They are then left for equilibration.

Rehydrated strips are then placed onto a custom-made cooling plate
or a commercially available strip tray of a horizontal-type electrophoresis
apparatus. The strip tray is fitted with bars holding the electrodes. The
bars fitted with sample cup onto the tray allow easy application of the

 

* TBP is a noncharged reducing agent which does not migrate during IEF and therefore, improves protein
solubility (especially in the case of wool proteins).
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samples onto the gel. In order to protect the gel from air, silicon oil is
filled into the tray. 

The major problem is that horizontal streaking is observed at the basic
end of the protein profiles when basic IPG is applied for the first dimension
of 2-DE. It may be prevented by using an extra electrode strip soaked in
DTT and placed onto the IPG strip along with the cathodic electrode strip
or replacing DTT with TBP.

5. Application of the samples: Silicon rubber frames or special sample cups
are used for sample application. Sample cups are usually placed at the
anodic or cathodic end of the strips. 

6. Optimum conditions for electrophoresis: The voltage of 150 V is applied
for 30 minutes initially to obtain maximum sample entry, and increased
gradually until it reaches 3500 V. The optimum time for application depends
on the following factors: (a) type of sample, (b) amount of protein in the
sample, (c) length of the IPG strips, (d) pH gradient.

The optimum temperature is 20

 

°

 

C. Below this temperature, urea is
crystallized. The best value for the gel length is 18–24 cm. The pH gradient
is 1–9.

The major problem of protein precipitation is experienced particularly
in the application of high protein loadings (>1 mg). To avoid this, two
solutions are suggested. 
(a) Reswelling IPG strips in the solution containing the protein under

investigation: In the case of protein loadings above 10 mg, loss of
proteins with high molecular weight occurs during this treatment. This
problem is also experienced with membrane proteins. 

(b) Use of a special instrument (e.g., IPGphor, IPGphaser, Protean IEF
cell) usually comprised of a strip holder allowing rehydration of IPG
strips and, in some cases, separate sample loading. The apparatus can
run with an 8000 V power supply. The maximum applicable current
is 0.05 mA per strip. The reswelling process is performed at 30 V for
12–16 hours. In case of reswelling high molecular weight proteins,
lower voltage is applied. 

Initial analysis of an unknown sample is usually done with a linear
pH gradient of 3.5–10. However, it must be kept in mind that many
proteins have pI values in the range of 4–7 and thus, the operation at
this pH gradient of 3.5–10 may cause loss of resolution. This problem
may be resolved by using a nonlinear pH gradient. Commercially
available IPG strips are of pH 4–7 providing better separation. These
type of gel strips allow analytical (sample loading of 50–100 micro-
gram) or micropreparative (sample loading <1 mg) analysis. 

Alkaline proteins with similar pI values (e.g., ribosomal and nuclear
proteins with pIs in the range of 10.5–11.8) can be differentiated by
narrow range (pH 10–12 or 9–12) IPG gels. Substitution of DMAA
(N,N-dimethylacrylamide) and addition of propan-2-ol to the rehydra-
tion solution provide high reproducibility and suppresses the reverse
electroendosmotic flow. To obtain better resolution for this type of
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sample, sample cups should be loaded at the anode side and the IEF
should be conducted under silicon oil. 

Complex proteins of eukaryotic cells are best separated after sample
prefractionation or using multiple, overlapping narrow range IPG gels
of 1–5 pH units (e.g., zoom gels, composite gels, subproteomics). IPGs
running at pH 4–7 give rise to better resolution along with better rehy-
dration, sample cup loading, and allow micropreparative separation. 

The time required to achieve best quality and reproducible IEF
patterns at a steady state is called optimum focusing time. Streaking
upon horizontal or vertical application is caused by keeping optimum
focusing time too short. As a result, electroendosmosis (active trans-
port of water) occurs, leading to excess water exudation on the surface
of the IPG gel, distortion of protein patterns, and loss of proteins.
Selection of the optimum focusing time should be accomplished
taking the following parameters into consideration: (a) content of
protein sample, (b) degree of protein loading, (c) optimum pH range,
and (d) length of IPG gel strips.

7.

 

Equilibration step:

 

 Following IPG-IEF dimension, a second dimension of
separation can be applied. However, gels are often equilibrated prior to
second dimension analysis in order to allow separated proteins to interact
with SDS. This interaction will provide migration during SDS-PAGE
analysis. Equilibration can be achieved by incubating the strips for 15
minutes in 50 mM Tris buffer of pH 8.8 in the presence of SDS, DTT,
urea, and glycerol. Urea and glycerol prevent transfer of reduced protein
from the first to second dimension (electroendosmosis). After incubation,
free DTT is alkylated with iodoacetamide to avoid migration of DTT to
the second dimension. An alternative way to avoid this last step is to use
TBP in place of DTT. Equilibrated strips are drained on a filter paper for
1 minute to remove excess liquid. In many cases, strips are immediately
used for the second dimension. Otherwise, they are stored between two
sheets of plastic film at 80

 

°

 

C.

 

Application of the Second Dimension

 

The second dimension of 2-DE is SDS-PAGE. Laemmli buffer systems and IPG gel
strips are usually preferred. The strips are applied onto the surface of horizontal or
vertical SDS-PAGE gels. 

Beside custom-made slab gels, commercially available ones (e.g., ExcelGel) can
also be used for horizontal applications. Six percent stacking gel and 12% homog-
enous or gradient resolving gel must be used. The plastic support holding the gel
in the system prevents variations in gel size during the staining process. As the gel
thickness is much lower than that of vertical application, higher voltages can be
applied to reduce the running time. This will lead to reduced protein diffusion. Also,
spots are sharper for the same reason. 

Maximum reproducibility of 2-DE protein patterns in large-scale proteome anal-
ysis can be achieved by simultaneous electrophoresis of SDS-PAGE. Amersham Phar-
macia Biotech (Piscataway, NJ) firm developed a multiple vertical second-dimension
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SDS-PAGE system called DALT in 1975 to provide this benefit. Investigator and
Protean II are the new versions of such systems.

In contrast to horizontal systems, it is not essential to use stacking gels in a
vertical system. In such a system, protein zones in the strips are concentrated and
IEF gel with low polyacrylamide concentration behaves like a stacking gel. 

 

Resolution of 2-DE Gels

 

The separation length is the most significant factor influencing the resolving capacity
of he gel. Application of IPG IEF gel of 18 cm and second-dimension SDS-PAGE
of 20 cm long allows resolution of a complex mixture with approximately 200
proteins. Rapid screening can be achieved by mini-gel formats. However, only a few
hundred proteins can be separated by such system. So, the amount of the protein
separated depends upon the size of the gel. 

 

Reproducibility of Protein Profiles Obtained by 2-DE

 

The reproducible high-resolution separation of protein mixtures is the main purpose
of proteome analysis. O’Farell’s classic tube gel technique has limited reproducibil-
ity. It is often difficult to compare the protein profiles obtained using O’Farell’s
method in different laboratories. In some cases, the data obtained even in the same
laboratory by different operators are not comparable.

Recent developments in 2-DE techniques and apparatus (e.g., ISO-DALT, Inves-
tigator) have overcome this problem. Today, samples obtained from different sources
of cells or tissues can be analyzed with high reproducibility and the data from
different laboratories are highly comparable. 

 

Stains and Dyes of 2-DE

 

Staining in proteome analysis is important to visualize proteins in gels. Properties
of an ideal 2-DE stain are summarized in Table 5.1. 

1.

 

Bromophenol dye:

 

 

 

The first dye used for protein visualization was an
organic dye solution developed by Durum in 1950. Durum used bro-
mophenol dye for staining on filter paper. 

2.

 

Amido black dye:

 

 

 

Two years later, Grassman and Hanning developed
another organic dye to be used on filter paper after electrophoresis: amido
black stain. It has moderate sensitivity. Today, amido black dye is used
for colorimetric determination of electroblotted proteins on PVDF (poly-
vinylidene difluoride) and nitrocellulose membranes.

3.

 

Coomasie blue dye:

 

 

 

Ten years later, Commasie blue dye, a commonly
used staining organic dye was developed by Fazakas de St. Groth et al.
and gained increasing popularity in both qualitative and quantitative pro-
tein analysis using polyacrylamide gel electrophoresis. Over the years,
approximately 600 different versions of Coomasie blue dye have been
utilized to improve linearity of staining and sensitivity of protein analysis
on electrophoresis. Although it is sensitive and capable of detecting
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30–100 ng of proteins, this is considerably less than that obtained using
silver staining and fluorescence staining. Coomasie blue dye can also be
used for detection of electroblotted proteins on nitrocellulose membranes
with a very high background. However, in many instances, it interferes
with subsequent immunodetection procedure. The most popular use of
Coomasie blue dye is background-free detection of proteins in PAGE.
Colloidal variation of the dye is preferred for this purpose because unlike
free dye, colloidal dye is excluded during the equilibrium of staining
process, preventing background staining. However, its detection capacity
is limited to 8–10 ng of proteins. Selection of the most suitable solvent
for preparation of Coomasie blue dye is important regarding subsequent
protein modification analysis by mass spectrometry. Use of trichloroacetic
acid or alcohol (e.g., ethanol) causes irreversible esterification of glutamic
acid-side chain carboxyl groups, which in turn leads to misinterpretation
of peptide mapping data from MS. 

4.

 

Silver stain:

 

 

 

Apart from Commasie blue, silver staining is also widely used
in protein analysis. Although it was first used for electrophoresis in 1972,
its background goes back to the 1800s when it had been used in photog-
raphy and histology. Unlike Coomasie blue, silver staining was initially
devised for agarose electrophoresis to detect both DNA and proteins with
high sensitivity. In 1979, Switzer et al. successfully utilized silver staining
in polyacrylamide gel electrophoresis. Improved methodology of silver
staining allows protein analysis at nanogram range. Over the years, more
than 100 different silver staining techniques have been developed. How-
ever, detection of glycoproteins using silver staining is a problem as they
stain poorly. This may be overcome by using a prestaining procedure with
cationic dyes prior to silver staining. Another disadvantage of this dye is

 

TABLE 5.1 
Properties of an Ideal 2-DE Stain

 

Property Explanation

 

Safety No stain should contain a hazardous material such as radioisotopes, cyanide, 
and cacodylic acid.

Sensitivity The broad linear dynamic range is required. Detection sensitivity should be at 
subnanogram levels.

Simplicity Simple incubation of gel or blot is essential, endpoint stains are preferred.
Specificity Stains should be protein specific and be able to differentiate different classes 

of proteins. 
Speed Rapid detection and longer incubation periods are desired.
Stability Both the staining solutions and the stained gels should be chemically stable at 

room temperature for days to months. Stains possessing long shelf life are 
usually preferred. 

Compatibility A stain should be easily used to most electrophoretic or separation techniques 
without causing irreversible modifications in protein molecules.
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that it interacts with cysteine residues and causes alkylation of 

 

α

 

- and 

 

ε

 

-
amino groups of proteins due to the use of glutaraldehyde and formalde-
hyde during the staining procedure. Modifications brought by glutaralde-
hyde and formaldehyde are not desired in analysis where Edman-based
sequencing is utilized as they reduce the sensitivity and uniformity and
result in low sequence coverage of stained proteins. In analysis where MS
is used for further detection, these modifications are not the major problems
since they can be removed from the stain. The most widely used forms of
silver staining are: 
(a)

 

Alkaline/silver diamine

 

 involves formation of soluble silver diamine
complex in the presence of ammonium hydroxide followed by visu-
alization of proteins by reduction of free silver ions to elemental
metallic silver with formaldehyde in acidic environment. The best
results can be obtained with the use of piperazine for crosslinking.
This form of silver staining is not preferred for IPG, analysis of acidic
proteins, and the resolution of low molecular weight proteins. The
most favorable use of this stain is for analysis of basic proteins. It is
not a suitable method for quantitative analysis due to low reproduc-
ibility and nonstochiometric properties.

(b)

 

Acidic/silver nitrate

 

 is comprised of gel impregnation with silver ions
at acidic pH, subsequent reduction of silver ions at alkaline pH in the
presence of formaldehyde. It is a photographic-based method. Acidic/
silver nitrate is often used for analysis of acidic proteins and has high
sensitivity. Although it has limited image development time, this form
of silver staining can also be used for quantitative analysis of proteins. 

5.

 

Reverse stains:

 

 In 1974, Wallace et al. developed reverse staining just to
improve recovery of proteins for subsequent microchemical characteriza-
tion. However, reverse stains are not suitable for quantitative analysis and
staining of transfer membranes. The procedure is based on detection of
proteins as transfer zones on a black background and used for visualization
of proteins, passive elution of intact proteins from gels, and analysis by
MS. Over the years, several different forms of procedures have been
developed for reverse staining (Table 5.2). 

The most widely used methods of reverse staining uses potassium chlo-
ride, copper chloride, and zinc chloride procedures. Zinc chloride staining
is the most sensitive among all three procedures.

Zinc-imidazole staining is another popular method of reverse staining
and involves separation of proteins tightly bound to zinc ion following
the precipitation of free ions and the formation of clear zones on a semi-
opaque background. Detection capacity of zinc-imidazole staining is limited
by 10–20 ng/band for proteins (except separation of BSA: 40–80 ng/band),
1–10 ng/band for lipopolysaccharides, and 10–100 ng/band for oligonucle-
otides of 28 bp–1.3 kbp. Proteins separated by this method are compatible
with Edman-based sequencing following electroblotting, in-gel tryptic
digestion conducted for detection of peptide sequences by MALDI-TOFF
mass spectrometry.
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6.

 

Stains in the form of colloidal dispersions:

 

 The need for highly sensitive
detection methods for proteins after blotting (e.g., electroblotting, dot-
blotting, slot blotting) applied to nitrocellulose or PVDF membranes drove
scientists’ attention to develop new stains. It was discovered that the stains
in the form of colloidal dispersions are suitable for such applications. The
most commonly used colloidal stains are
(a)

 

India ink stain 

 

is the first colloidal dispersion stain used for detection
of electroblotted proteins. It is simple and economic. General formula
of India ink contains acidic (sulfonates or sulfonamides) or basic
dyes, fine dispersions of carbon, copper phthalocyanide, glycerol,
surfactants, antioxidants, and viscous agents. It is compatible with
direct, colorimetric or autoradiographic immunostaining of proteins.
However, duration of staining may cause interference in binding steps
with antibody at immunodetection. This may be resolved by com-
bining chemoluminescence with India ink staining. Other disadvan-
tages of this type of staining are high protein to protein variability,
incorporation of detergents (e.g., Tween 20) removing proteins from
transfer membranes, and the need for in-house optimization of the
method.

(b)

 

Colloidal silver stains

 

 method was developed by Janssen Pharmaceu-
ticals (Titusville, NJ), but never commercialized. 

(c)

 

Colloidal iron stains

 

 method was first developed under the name of
FerriDye. However, the production of FerriDye was later discontinued
as it was highly toxic due to its cacodylic acid content. 

(d)

 

Colloidal gold stain

 

 possesses similar sensitivity as silver staining for
transfer membranes in PAGE. Detection sensitivity is superior to other

 

TABLE 5.2
Historical Development of Reverse Staining

 

Year Investigator

 

  

 

Parameter or Metals for Staining

 

1974 Wallace et al. Low temperature
1977 Takagi et al. Cationic detergent
1979 Higgins and Dahmus Sodium acetate
1980 Hager and Burgess Potassium chloride
1984 Merril et al. Silver
1985 Casero et al. Colloidal gold
1987 Lee et al. Copper chloride
1988 Dzandu et al. Zinc chloride, cobalt acetate, or nickel chloride
1990 Berube Complexation of a planar dye (rhodamine, eosin or fluorescein) 

with a metal salt (potassium dichromate, barium chromate, 
magnesium chloride, or calcium chloride)

1992 Ortiz et al. Zinc-imidazole
1996 Candiano et al. Methyl trichloroacetate
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colloidal stains. However, it requires pretreatment of the membrane
with a blocking agent (e.g., Tween 20) and subsequent incubation in
a detergent-stabilized colloidal solution for 2–18 hours. Also, detection
capacity of the method is very limited (1–20 ng). Colloidal gold
staining is compatible with traditional colorimetric blotting procedures
and chemoluminescent immunodetection, but incompatible with pro-
tein microchemical methods, MALDI-TOFF and ESI type mass spec-
trometry applications. 

7.

 

Fluorophore stains:

 

 

 

Fluorescent detection of proteins following electro-
phoresis during large-scale proteome analysis is achieved by fluorophore
stains. Their detection sensitivity is superior to colorimetric stains. The
most commonly used fluorescent stains are
(a)

 

Covalently bound electrophoresis

 

: Proteins are covalently bound to
the stains, altering the mobility of labeled proteins and causing rapid
decay of the protein and limited sensitivity that depends upon the
availability of the functional groups for modification by fluorophore.
The detection capacity of direct fluorescence staining method is 5–10
ng/protein.

(b)

 

Noncovalently bound fluorophores

 

: The most commonly used stains
in this category are ANS (1-anilino-8-naphtalene sulfonate), bis-ANS,
Nile red, SYPRO orange, and red dyes. They do not cause fluorescent
in aqueous solutions whereas they fluoresce in nonpolar solvents.
Among them, SYPRO dyes are the most sensitive (Table 5.3) and the
only commercially available ones. They provide a simple, single-step
staining procedure for protein detection in SDS-PAGE.

 

TABLE 5.3
Noncovalently Bound Fluorescent Stains

 

Stain Sensitivity Limitations Application

 

ANS Less than 
Coomasie blue 
staining

Low sensitivity SDS-PAGE for proteins

Bis-ANS 100 ng/protein Low sensitivity SDS-PAGE for proteins
Nile red dye 20–100 ng/protein Low sensitivity and stability 

of stains, susceptibility to 
precipitation in aqueous 
solutions, difficult handling 
and image analysis

Edman sequencing and 
immunodetection

SYPRO dyes 
(red and 
orange)

2–10 ng/protein — Edman-based protein 
sequencing, 
immunostaining, SDS-
capillary gel electrophoresis 
for protein quantification at 
picomolar range
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8.

 

Metal chelate stains: 

 

This class of stains has been developed to be used
along with modern technologies of proteome analysis. The major advan-
tages of this class of stains are
(a) Compatibility with common microchemical characterization proce-

dures
(b) No need to contain harmful chemicals such as glutaraldehyde, form-

aldehyde, or Tween 20
(c) Easy use for proteomic platforms including automated gel stainers,

image analysis and protein digestion work stations, robotic spot excise
apparatus, and mass spectrometers

(d) Better sensitivity than silver staining
The most commonly used metal chelate stains are

(a)

 

Colorimetric stains

 

 are the earliest stains of this class. Detection limit
is 600 ng/protein. Incorporation of radioactive 

 

59

 

Fe into bathophenant-
roline disulfonate complex improved the sensitivity to 10–25 ng/pro-
tein, which is almost similar to that of Coomasie blue dye. The major
problem is radioactivity. Staining on nitrocellulose transfer mem-
branes can also be achieved with the same detection limit. This class
of stains are compatible with Edman-based sequencing, mass spec-
trometry, and immunoblotting. 

(b)

 

Luminescent stains: 

 

The principle behind luminescent staining is that
the measurement of light emission is more sensitive than the absor-
bance when metal chelate stains include certain transition metals as
europium, terbium, and ruthenium. Examples for these types of metal
stains are SYPRO rose protein blot stain (bathophenanthroline disul-
fonate/europium), SYPRO ruby protein blot stain. The latest stain is
a ruthenium-based metal chelate stain and is more sensitive than silver
stains. One of the most significant benefits of this dye is that staining
time is not critical as it is in an endpoint stain. It provides one-step,
low background staining in PAGE. Its performance is superior to those
of silver and Coomasie blue dyes. Detection capacity (2–5 ng/protein)
is similar to that of colloidal gold and is time efficient (2–4 hours of
staining) regarding electroblotting. It is preferred to colloidal gold as
it does not interfere with MS or immunodetection procedures. 

 

Image Analysis in 2-DE

 

Image analysis of the gel is performed with the following steps

1. Data acquisition is actually a scanning process that converts the analog
gel image into a digital image with the aid of computer-based techniques. 

2. Image processing is essential to detect the exact location of spots on the
gel and to determine the shape and intensity of the spots as it is related
to the abundance of the proteins. 

3. Gel matching is actually a comparative analysis of identical spots in a series
of gels. It is performed under various experimental conditions. Gel matching
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is important to analyze the changes of proteins. Matching is done at either
pixel level or spot level. In the former, only the pixels of two gel images
are matched. In the latter, only the proteins of two or more gels are matched.
Local or global polynomial transformations are used for mapping. 

4. Analysis of data is performed to provide information on quality assurance
and qualitative and quantitative changes in protein expression. The number
of spots is tabulated against numbers of gels to determine the changes in
protein expression. Qualitative difference among gel groups are usually
determined using “on/off” spots, which are the indicators of alterations
under different experimental conditions. Uni- and multivariate statistical
approaches are used for the analysis of alterations. Quantitative analysis
is performed based on finding the changes in the intensity of the spots.
Initially, intensity values should be normalized according to the average
intensity of the gel image. Alterations in intensities can be compared using
t-test and Mann-Whitney test. 

5. Presentation and subsequent interpretation of data require each spot to have
corresponding molecular weight and isoelectric points. Molecular weight to
isoelectric point of the protein sample under investigation is compared to
that of marker proteins (e.g., bovine serum albumin [BSA], actin) with
known values. The variations in spot intensities are schematized using
graphs or charts and further analyzed by computer-based statistical programs
(e.g., SAS). Information on protein name and molecular weight/isoelectric
point values are obtained and interpreted in this step.

6. Forming databases is essential for storage of the data. During the gel anal-
ysis, these data can be used as a reference standard. Some gel analysis
systems have their own internal databases including useful descriptive infor-
mation on protein spots. However, these databases are not shareware. Now-
adays, most proteome investigators use Internet-based databases offering
even some free software packages useful for the construction of 2-DE
databases. These products allow convertion of TIFF images of gels into the
specific image format and can be provided from the ExPASy molecular
biology server at 

 

http://www.expassy.ch/ch2d/tiffmel.html

 

. Comparison of
spots can also be made on the Internet, checking the slopes and lengths of
edges between the points of the reference image and of sample image by
computational geometry. This type of matching is performed using CAROL
software system at 

 

http://gelmatching.inf.fu-berlin.de

 

.

 

Drawbacks of 2-DE/SDS-PAGE

 

Despite the superiority of the 2-DE technique, it has several problems.

• Reproducibility can be a significant problem when images of the stained
gels of two samples are compared by means of 2-DE/SDS-PAGE

• Incompatibility of some proteins (large, hydrophobic proteins) with the
first-dimension IEF step

• Relatively narrow detection range for stained gels
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2-DE seems to be the best analysis technique for highly expressed, abundant,
long-lived proteins. However, most of the biologically significant proteins are
expressed at low levels and are rapidly turned over. Thus, other analytical approaches
are often preferred for the analysis of such proteins. 

 

I

 

SOELECTRIC

 

 FOCUSING (IEF)

Apart from the IEF applied in the first step of 2-DE/SDS-PAGE, preparative IEF is
also used for protein separation. Separation procedure is carried out on IPG strips,
in a tube gel, or a solution. Among all three, the separation in solution is most often
preferred. Polycarboxylic acid compounds, which are soluble ampholytes in nature,
are used to generate stable pH gradient when voltage is applied across the focusing
gel. Subsequently, the protein sample is added. Proteins in mixture are separated
based on their isoelectric points (pI) following the voltage application. With the
commercially available IEF apparatus, proteins can be separated into 12–20 frac-
tions. Then, the ampholytes can be removed by dialysis or gel filtration. 

The advantages of IEF are

• Recovery ratio for proteins is significantly high: 85–90%
• This technique presents diversity in physical properties of intact proteins
• Large sample capacity (mg to g)
• Easy and simple running

HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

High performance liquid chromatography (HPLC) is often used for protein purifi-
cation. It is used in the initial step of fractionation. In this manner, HPLC is as useful
as preparative IEF and presents diversity of separation modes. In this technique,
chromatographic separations can be performed using

• Ion exchange chromatography: charge-based separation
• Size exclusion chromatography: size/molecular weight-based separation
• Affinity chromatography: interactions with specific functional groups drive

separation
• Reverse phase chromatography (RPC): hydrophobicity-based separation

In the case of peptide separation by HPLC, separation modes are combined in
series. This approach is called tandem LC. For instance, ion exchange associated
with RP is used for peptide separation. Multidimensional protein identification
technique (MudPIT) involving use of microcapillary columns (SCX cationic column
and RP column) linked in series and eluted into MS is preferred for separation of
complex peptide mixtures (Figure 5.4). 

Tandem LC is superior to 2-DE for two reasons.

1. Only the proteins with visualized spots on 2-DE gel can be analyzed by
MS. If no spot is detected on the gel, no data can be obtained from subse-
quent MS analysis. Tandem LC does not present such problem.
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2. Analysis of very dilute samples with small amounts of material will
present a problem of having fractional loss of less abundant peptides due
to high interaction with surfaces and other processing components. This
problem is experienced when 2-DE analysis is utilized. 

CAPILLARY ELECTROPHORESIS 

Operational procedure of capillary electrophoresis (CE) is similar to IEF. Proteins are
separated in an electrical field, migrating until they reach the point where they carry
zero charge. Analysis is carried out in a microcapillary tube which provides high
resolution. CE can be coupled directly to a MS instrument. The superiority of CE to
other analytical techniques is its high resolution. However, it is not widely used for
proteomic analysis as there is no commercially available and reliable CE-MS instrument. 

PROTEIN DIGESTION

Particularly, proteins of complete cell or tissue extracts and heterogenous protein
mixtures are usually analyzed after digestion to peptides. There are several reasons
behind this approach.

1. MS instruments used for the analysis of separated proteins run for peptides
with fewer errors.

2. Because the greater the mass of the protein, the greater the possibility of
obtaining inaccurate results.

3. It is often difficult to perform MS on very large and hydrophobic proteins. 
4. Sensitivity of mass measurements of peptides is superior to that of proteins. 
5. Currently available MS instruments are much more suitable for peptide

analysis and the data obtained can be directly used for comparison with
protein sequences derived from proteome databases. 

Keeping all these in mind, proteins are cleaved prior to MS analysis in many cases.
Digestion should be performed at certain specific amino residues to yield peptides of
optimal length for MS analysis. For an ideal digestion, peptide fragments of between
6 and 20 amino acids are used. Fragments shorter than 6 amino acids are not sufficient
to produce unique sequences to be used for matching with databases. Peptides longer
than 20 amino acids are difficult to analyze by MS. Thus, the optimum length of a

FIGURE 5.4 Schematic representation of Mud-PIT.
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peptide fragment should be between 6 and 20 amino acids. The digestion process is
achieved by use of enzymes, which should be stable, well-characterized, possess high
degree of specificity, and be available in sufficient quantity and high purity. 

The most common approach for digestion is “in-gel” digestion. It is used for
cleavage of proteins separated by 1-DE or 2-DE. This technique involves cutting
out the bands from the gel, destaining, and treatment with proteases (e.g., trypsin).
Digestion occurs in the gel matrix. Resultant peptides are eluted by washing and
then, subjected to MS analysis. The choice of gel-staining technique is the critical
issue regarding the success of in-gel digestion. Aldehyde type fixatives or long
treatments with acids should be avoided for staining. Use of highly crosslinked gels
will retard penetration of digestive enzymes. Again, residuals of SDS-PAGE should
be removed completely to avoid their inhibitory effect on proteases. 

“On-blot” digestion is another method used for proteins blotted onto nitrocel-
lulose or PVDF membranes. Procedure is similar to “in-gel” digestion with the
exception of elution from the membrane surface.

Different enzymes are used for digestion. Proteases are the most widely used
group of enzymes. The most commonly used proteases are 

1. Trypsin is the most frequently used serine protease. Generally, porcine or
bovine pancrease is used as the source of pure trypsin. Trypsin usually digests
proteins at their lysine and arginine residues. The superiority of trypsin is
that it displays good activity both in solution and in-gel digestion protocols. 

2. Glu-C, so-called V8-proteases, is an endoprotease digesting proteins at
carboxyl side of glutamate residues in the buffer solutions (ammonium
acetate or bicarbonate buffers). It is used only in in-gel digestions. Glu-
C possesses higher specificity than trypsin, allowing analysis of proteins
with high content of lysine and arginine. 

3. Nonspecific proteases such as subtilysin, pepsin, proteinase K, or pronase
are also used in proteomics. Upon cleavage, they produce multiple over-
lapping peptides due to lack of specificity. This may be beneficial in obtain-
ing sequence data over a high percentage of each protein sample analyzed.
Precaution must be taken by keeping cleavage period short to prevent
undesired long digestion.

4. Cyanogenbromide (CNBr) is the most widely used chemical digestion
agent. It cleaves proteins at methionine residues. Although CNBr offers
a high degree of specificity, it also yields large fragments which are not
useful for sequencing data by MS. 

MASS SPECTROMETRY (MS) FOR PROTEOMICS

Separated, fractionated, and digested protein samples are analyzed by means of mass
spectrometry. A spectrometer is composed of three main parts

• The ion producing source
• A mass analyzer: converts components of a mixture into ions based on their

mass/charge ratio (m/z ratio)
• A detector to detect the resolved ions
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The data obtained by MS is analyzed automatically by a data analyzer and
retrieved for interpretation either manually or with the aid of a computerized system.
MS instruments for proteomics should possess the following characteristics

• Generation of good data on peptide masses, describing peptide fragmentation
• High sensitivity: the instrument should be capable of generating data on

femtimole (10-15 mole) quantities of peptides or less
• Sufficient resolution for distinguishing ions with very similar m/z ratios
• Capable of distinguishing ions with different m/z ions at a minimum of 1 Da
• Sufficient mass accuracy: this is important particularly in the case of iden-

tification of peptides by comparison with real database values. 

The most frequently used instruments of MS-based proteome analysis are as
follows.

MALDI-TOFF

MALDI-TOFF stands for matrix-assisted laser desorption ionization time of flight.
MALDI refers to the source of ionization whereas TOF indicates type of the mass
analyzer. 

The procedure involves mixture of sample protein with a chemical matrix which
is a small organic molecule containing a chromophore. The matrix absorbs light at
certain wavelengths. The most well-known matrix forming compounds are sinapinic
acid and α-cyano-4-hydroxycinnamic acid. This mixture is then applied on a small
plate and left to evaporate the solvent, forming a crystal lattice. Peptide to be
analyzed is captured inside this lattice. It is then placed in the source which is
equipped with a laser beam. The laser beam is fired onto the target and the chemical
matrix absorbs the beam leading to the excitation. The excess energy is delivered
to the peptides under investigation and ejected into the gas phase. This ionization
process produces positive ions for peptides and proteins. Upon accepting a proton
from the matrix, each peptide becomes singly charged. The resultant ions are then
extracted and transferred into the TOF mass analyzer. 

The mechanism of TOF analyzer is based on the time required for ions to pass
from one end to the other end of the analyzer tube. Ions passed through the tube
strike the detector. The speed of this passage is dependent upon m/z ratio of the
ions. There is a positive correlation between two parameters. Ions with greater m/z
ratio pass through the tube faster. TOF analyzer operates in a linear mode, indicating
the direct transfer of ions from the source to the tube and then to the detector.
However, it has a significant drawback in that there is poor resolution. In MS,
resolution refers to the capability of distinguishing ions with slightly different m/z
ratios. This may rise from the variations in velocities of the ions with the same m/z
ratios. This problem may be overcome by introducing either a reflectron or pulsed-
laser ionization with delayed extraction. The reflectron allows the ions with the same
m/z ratios to reach the detector at the same time. The pulsed-laser ionization with
delayed extraction (PLIDE) causes a delay between the laser pulse for ionization
and the transfer of ions to the tube. In this case, ions with the same m/z ratios will
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start running down the tube together and reach the detector at the same time. This
dramatically affects the resolution. If an instrument permits analysis of peptide ions
distinguished with 0.001 amu of m/z ratios, the resolution is considered as ideal.

Superiorities of MALDI-TOFF can be summarized as

• An easy, simple, user-friendly, and robust method as it does not have any
HPLC instrument interface

• Very suitable for walk-in routine use by different users in a shared pro-
teomics facility

• Compatible with most robotic sample preparation devices, reducing labor
and increasing speed and reproducibility

• High accuracy and resolution of TOFF
• Very sensitive and generates quality MS data on low femtimole quantities

Problems associated with the use of MALDI-TOFF analyzers are as follows:

• In general, these instruments are capable of measuring peptide masses.
However, this kind of information has limited use in proteome analysis.

• The quality of the sample influences the quality of the data obtained by
MALDI-TOFF. Contaminations inhibit ionization. As no in-line HPLC
system is included in the system, contaminants cannot be removed from
the sample. Fortunately, some new clean up tools (e.g., ZipTips) for removal
of contaminants have been developed recently (Figure 5.5). 

ESI Tandem MS

ESI tandem MS stands for electrospray ionization mass spectrometry performed in
multistage. This technique is conducted based on the production of multiply charged
ions from proteins and peptides. In this technique, ionization procedure is carried
out within the instrument. Three types of mass analyzers are used individually or
in combination.

FIGURE 5.5 Schematic representation of a simple MALDI-TOFF analyzer. 
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• Quadrupole analyzer
• Ion-trap analyzer
• TOF analyzer

The first two have more limited mass range compared to TOFF. 
In ESI-MS, samples are introduced in the form of aqueous solutions since

peptides (particularly, the ones derived by tryptic digestion) exist as singly or mul-
tiply charged ions in solutions. The critical parameter is the pH of the solution as
ionization occurs depending on the pH of the media. Some of the functional groups
are listed in Table 5.4 with their optimum pH values for ionization. Peptides ions
with positive charge can undergo fragmentation. Therefore, ESI analyses are con-
ducted in positive ion mode for acidic samples. 

At equilibrium, intact proteins in solutions exist in multiply charged states since
they have many proton accepting sites. ESI mass spectrum of the multicharged
protein is converted to the actual protein mass by a specific software. 

Peptides carry single or charged ions based on their size, molecular weight, and
the number of amino acid residues. In many cases, double-charged ions of peptides
are predominant in mass spectrum. 

The sample to be analyzed is introduced to the ESI source by means of a flow
stream from an HPLC instrument. The sample flows through a stainless-steel needle
and then, sprays out in the form of a mist whose droplets hold peptide ions and
mobile phase of HPLC. Peptide ions are separated from the mobile phase and
subsequently, transferred into a mass analyzer either by a heated capillary or a curtain
of nitrogen gas. Desolvation process can be carried out by a vacuum system. 

TECHNIQUES USED FOR STRUCTURAL PROTEOMICS

Structural proteomics aims the determination of three-dimensional protein structures
in order to better understand the relationship between protein sequence, structure,
and function. NMR and x-ray crystallography have been significant methods and
indispensable tools to determine the structure of macromolecules, especially pro-
teins. Many biotechnology companies have been using these two techniques for
enlightening protein structure (Table 5.5). 

TABLE 5.4
Optimum pH Values of Functional Groups 
for Ionization

Functional Groups Optimum pH for Ionization

Carboxylic acid > 5.0
N-terminal amines < 7.0
Nitrogen of histidine < 7.0
Nitrogen of lysine < 8.5
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To obtain optimal results, protein should possess minimum 95% purity. Thus,
the molecule under investigation should be purified by gel or column separation,
dialysis, differential centrifugation, salting out, or HPLC prior to structural analysis. 

X-RAY CRYSTALLOGRAPHY

X-ray crystallography is used to determine the tertiary structure of a protein. Prior
to structure analysis, optimum crystallization conditions must be tailored for each
individual protein molecule. Employing these conditions, crystals in sufficient size
and quality are obtained. They are mounted and snap frozen by cryogenic techniques
in order to prevent formation of ice-lattice. Then, x-ray beams are directed at this
crystalline sample. The x-ray beams scatter based on the electron densities in dif-
ferent proportions of a protein molecule. The crystal must remain supercooled during
data collection in order to minimize radiation damage and backscatter. Images are
translated into electron density maps and recorded on an x-ray film. The diffraction
pattern is composed of spots on the film, and the crystal structure can be determined
from the positions and intensities of the diffraction. In the final step, maps are
superimposed either manually or with software and then the construction of the
model is completed. It is a powerful technique, revealing very precise and critical
structural data useful for structure-based drug design (e.g., the HIV-protease inhib-
itors amprenavir and nelfinavir). However, it is time consuming, expensive, and
requires specific training and equipment. 

Mainly two companies, Syrrx and Structural Genomix (SGX), both in San Diego,
CA, have been using x-ray crystallography for protein discovery process. Syrrx has
been implementing robotic techniques, which were developed using the ones in the
automotive industry. All the procedures starting from purification to crystallization
have been done robotically on an assembly line. Structural Genomix also has been
using a similar methodology. All the information generated is stored in a software
called “Protein Data Bank” (PDB). 

Much information about flexibility of protein structure has also come from x-ray
crystallography data. It is either in the form of atomic mean-square displacements

TABLE 5.5
Biotechnology Companies Using NMR and X-ray for Proteomic Studies

Company Technologies Used for Proteomics

Vertex Pharmaceuticals NMR, x-ray, computational chemistry, chemogenomics
RiboTargets* NMR, x-ray, RiboDock software
GeneFormatics NMR, x-ray, Fuzzy Functional Form Technology, bioassay development
TRIAD Therapeutics Integrated Object-oriented PharmacoEngineering (IOPE)
Integrative Proteomics NMR, x-ray, high throughput protein production
Metabometrix* NMR metabonomics
Novaspin Biotech* NMR, software development, biochemistry

*Academic spin-out company.
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(AMSDs) or B factors. AMSD profile has been developed by Hale et al. (1988) It is
essentially determined by spatial variations in local packing density of a protein mol-
ecule. With the statistical mechanics and generic features of atomic distributions in
proteins, it is possible to predict an inverse correlation between the AMSD and the
contact density. In other words, the number of noncovalent neighbor atoms within a
local region of approximately 1.5 nm3 volume can easily be determined by AMSD.
This local density model is then compared to a set of high-quality crystal structures of
38 nonhomologous proteins in PDB. The result gives accurate and reproducible peaks
in the AMSD profile and this profile helps to capture minor features, such as the periodic
AMSD variation within α helices. The models developed using AMSDs suggest that
this technique provides a quantitative link between flexibility and packing density. 

Drawbacks of X-Ray Crystallography

Despite the enlightening information on protein structure, the production of crystals
for x-ray studies can sometimes cause structural anomalies. They might mask native
architectural features. Also, it is well known that membrane proteins are not readily
amenable to existing crystallization methods. Although most of the information on
protein structures that are now available through the Protein Data Bank have mainly
been gathered using x-ray crystallography, few of these structures are intact mem-
brane-associated peptides and proteins. Thus, advanced technologies need to be
generated to obtain structural and functional information for membrane proteins by
x-ray crystallography.

NUCLEAR MAGNETIC RESONANCE 

Although x-ray crystallography is advantageous since it defines ligand-binding sites
with more certainty, NMR measures proteins in their native state. It has a distinct
advantage over x-ray crystallography. Precise crystallization, which is often difficult,
is not necessary for conducting structural analysis by NMR. Furthermore, NMR is
increasingly being recognized as a valuable tool, not only in three-dimensional
structure determination, but also for the screening process. Proteins with large
molecular weight (up to 30 kDa) can be analyzed. The most significant advantages
of NMR spectroscopy are 

• It reveals details about specific sites of protein molecules without a need
to solve the whole structure. 

• It is sensitive to motions of most chemical events which in turn provides
direct and indirect examination of motions within micro-time scale (milli-
seconds to nanoseconds, respectively). 

The advanced NMR spectrometers are generally computer-controlled radio sta-
tions with antennas placed in the core of magnets. Nuclear dipoles in the protein
sample align in the magnetic field and absorb energy. With the aid of this energy
gain, it flips from one orientation to another, then readmits this energy. The alignment
occurs depending on the strength of the magnetic field. The stronger the dipole, the
greater the energy of alignment. Radio waves are directed and pulsed to the sample
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by a computer. Some of the pulse is absorbed by the sample and after a while, radio
signals are readmitted. These signals are amplified by a receiver and stored in a
software. The energy radiated by the molecules with different chemical structure will
be different. This allows scientists to interpret NMR data using software routines. 

The hydrogen nucleus has been widely used in NMR analysis as it is the most
highly abundant organic element and possesses one of the strongest nuclear dipoles
in nature. Using pulse sequence with hydrogen nucleus, the chemical bond connec-
tivity, spatial orientation. and distance geometry of proteins can be mapped. Com-
bining this information with those obtained from molecular modeling, the structure
of many proteins can be enlightened.

Surprisingly, the advances in NMR technologies are usually used by smaller
biotechnology companies who make deals directly with the NMR technology pro-
viders in a customized offering. For instance, both GeneFormatics and Integrated
Proteomics have recently announced partnerships with Bruker BioSpin, Bruker
Daltonics, and Bruker AXS. These partnerships are actually two-sided. Another
example is RiboTargets and De Novo Pharmaceuticals’ deal with Sun Microsystems.

PHAGE DISPLAY TECHNIQUE FOR FUNCTIONAL PROTEOMICS

Advances in genomics led to the formation of databases of short DNA sequences,
so-called expressed sequence tags (ESTs), in 1991. ESTs represent most of the
expressed human genome in a fragmented state. However, interpretating such data
is much more difficult than generating it. In fact, proteomics require understanding
of the expression patterns of proteins, which will give key information on their
functions under normal conditions and/or disease states. Therefore, scientists have
directed their interest toward characterizing and cataloging the proteome. 

In the conventional methods of proteomics, 2-DE and MS use such approaches
working backward from the fractionated proteins to their corresponding DNA
sequences. Unfortunately, these approaches represent a significant bias toward the
abundant proteins, and functionally important proteins of low abundance are often
not detected by this way. 

This problem can be overcome by a targeted approach involving generations of
protein-specific probes based on DNA sequence data. These probes can be used to
identify individual proteins and to investigate their functions at cell or tissue levels.
This solution helps scientists to obtain useful, comprehensive and easily interpretable
data. It is faster and easier than the conventional approach. These targeted molecular
probes are formed using recombinant human antibodies by means of phage display
technique. 

Antibodies raised in animals have been used for quantitative detection of proteins
in tissues or extracts for many decades. They are useful, specific, and sensitive tools
to localize proteins at cell levels in histological materials, to recognize, and to track
target molecules. The use of recombinant human monoclonal antibodies has been a
great interest of scientists as they are much more advantageous to traditional mon-
oclonal or polyclonal antibodies. Some of the main reasons behind it are that
traditional antibodies require animal use, and are produced in relatively longer time.
Also, it should be kept in mind that regulations for animal usage are becoming more
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and more stringent. In contrast, recombinant antibodies can be produced without
the use of an animal and the process is not time-consuming. They can be generated
against an enormous number of antigens (see Chapter 4). In addition, increasing the
affinity and specificity of recombinant antibodies is very simple and relatively fast.
Thus, large numbers of different antibodies against a specific antigen can be gener-
ated in one selection procedure. Therefore, researchers aimed to develop faster and
easier ways to improve the target-recognition qualities of antibodies. With all these
in mind, phage display was developed in 1990 as a new method that enables
researchers to quickly evaluate a huge range of potentially useful antibodies and
then produce large quantities of the selected ones. It allows us to produce recombi-
nant human monoclonal antibody fragments against a large range of different anti-
gens (e.g., RNA, various protein antigens, peptides, proteoglycans, etc.) in order to
identify functions of individual proteins. Identification of the function of a protein
is achieved by preventing the interaction of the target protein of the antibody under
investigation with its natural ligand. 

Phage display is an important tool in proteomics. Proteins can be engineered for
specific properties and selectivity, employing phage display methods. A variety of
display approaches can be used for the engineering of optimized human antibodies,
as well as protein ligands, for such diverse applications as protein arrays, separations,
and drug development. The utilization of phage display in screening for novel high-
affinity ligands and their receptors has been crucial in proteomics because it allows
us target essential components and pathways within many different diseases, including
cancer, AIDS, cardiovascular disease, and autoimmune disorders. Although phage
display technology is still at early stages of development, it has already been used
for the production of human antibodies potentially applicable in therapy.

In this technique, synthetic antibodies that have all the target-recognition qualities
of natural ones are produced and selected to form phages. Production of the antibodies
is accomplished by using the same genes that code for the target-recognition or
variable region in natural antibodies from mammalian systems. 

Phages are genetically engineered antibodies. A phage is comprised of the
displayed antibody’s phenotype coupled to its genotype. In this structure, a particular
antibody is fused to a protein on the phage’s coat and the gene encoding the displayed
antibody is contained inside the phage particle. This allows the DNA to code for
the selected antibody which will be available for future use. Selection is made using
biopanning procedure (Figure 5.6). These antibody covered phage populations form
the phage library in each of which billions of different antibodies exist. 

As the part of this approach, the procedure of cloning immunoglobulins (i.e.,
repertoire cloning) is carried out entirely under in vitro conditions and enables the
production of any kind of antibody without involving an antibody-producing animal.
At first, the total messenger RNA (mRNA) of human B lymphocytes is extracted
from peripheral blood (Figure 5.7). Corresponding DNA chains are deducted from
this mRNA and then, synthesized using the enzyme called reverse transcriptase.
Resultant cDNA (complementary DNA) chains are subject to amplification by PCR
(polymerase chain reaction). Subsequently, the genes are multiplied by PCR to
enable the selection of immunoglobulin fragments specific for a given antigen. These
antibody fragments should possess such a format that is a protein composed of the
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variable regions of the IgG heavy and light chains (VH and VL) connected by a
flexible peptide linker. This format is usually symbolized as scFv (single chain Fv)
(Figure 5.8). The resultant products of cloning are introduced in phagemid vectors
which are easier to manipulate and have high transformation efficiencies.

These phagemid vectors (e.g., Escherichia coli, yeast, cells) are expressed in
the appropriate bacteria and produce corresponding proteins in large amounts when
cultured in a fermenter. The products are human antibodies’ fragments which are
very similar to natural antibodies in structure. The last step is the expression of a
scFv immunoglobulin molecule on the surface of the filamentous bacteriophage as
fusions to N-terminus of the minor phage coat protein (g3p). These bacteriophages
represent a mixture of immunoglobulins with all specificities included in the reper-
toire, from which antigen specific immunoglobulins are selected.

FIGURE 5.6 Schematic representation of panning.
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Specificity and affinity are the important features for a phage library. The larger
the library, the greater the possibility of possessing high affinity with desired specificity.
The best part of this technique is that human antibody libraries readily yield clones
able to recognize any human protein under investigation. The largest library in exist-
ence contains 1011 different sequences. Clearly, the best advantageous aspect of phage
display technique is that it functions as if it is an in vitro immune system. Therefore,
it is the most efficient way of producing antibodies for medical purposes.

Phage particles are often used as reagents in medical diagnostic techniques such
as ELISA, immunocytochemistry, or flow cytometry. The most significant benefit
arising from the application of phage display technique in diagnosis is its high speed
for screening databases without using a pure protein reagent. 

ProxiMol® and ProAb® (Cambridge Antibody Technology, UK) are patented
techniques using phage display approach. In ProAb, peptide sequences are defined
for an open reading frame, then corresponding antigens are produced using an
automated synthesizer. Automatization provides a significant benefit such that the
generation of antibodies never becomes the rate limiting step. The best part of this
technique is that it does not require complete DNA sequence or protein antigen
expression. It generates desired antibody probes directly from information stored in

FIGURE 5.7 Schematic representation of the construction of a phage library.
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DNA databases (ESTs) (Figure 5.9). The driving force behind the development of
ProAb was the need to correlate gene expression to disease indications in high
throughput. The aim is to translate the data in ESTs into synthetic peptide antigens.
These antigens are usually used for selection of phage antibodies. Thus, ProAb forms
a direct relation between ESTs and disease state. 

ESTs contain the richest data on DNA sequence. Interesting segments of DNA
are selected from ESTs and then, translated into proteins by ProAb. Generally, a
known protein with interesting biological activity and known structure is used to
search for family members. At first, peptides (e.g., 15-residue antigenic peptides)

FIGURE 5.8 Construction of a ScFv. 
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are selected from ESTs by means of bioinformatics, then downloaded to an
automated solid-phase peptide synthesizer (e.g., advanced chem tech synthesizer).
They are synthesized chemically with an N-terminal cysteine residue or N-terminal
biotinylation to represent the protein sequence under investigation. These peptides
should posses some important features such as having a native-like structure, being
located in a solvent-accessible region of the native protein, having high affinity
to specific antibody. They are deprotected, cleaved from the beads and the reagents
are removed by precipitation. Cleaned peptide subnatants are redissolved and
tested for quality control by reversed phase liquid chromatography and electro-
spray mass spectrometry. Optimum purity should be a minimum 85%. Resultant
peptides are used as antigens for the selection of phage antibodies. Selected
antibodies can be used as detection agents in immunocytochemistry. In most cases,
BSA (bovine serum albumin) is used as the carrier protein following activation
procedure by bifunctional succinimide-maleimide reagent. Efficiency of coupling
(peptide-protein) is tested by using SDS-PAGE and MALDI mass spectrometry.
The optimum coupling ratio is 20:25 peptides per protein molecule. These peptide-
protein conjugates are coated onto multiwell (96 or 384 wells) microtiter plates.
In most companies, microtiter plate reactions are carried out by generic robots. The
selection of specific antibody is performed based on affinity capture: “panning.”
The procedure is simple and requires a small volume of liquid (e.g., 100 µl). As
in DNA encoding the antibody is covered by a phage particle which displays the
scFv (single chain antibody fragment of IgG) specificity, the protein and its gene
are coselected. For this purpose, coated conjugate is incubated with the target; the
surface is washed; specific phages are infected into E. coli; the bacterial culture
is spread onto a culture plate to produce bacterial colonies. Each colony produces
a monoclonal antibody. Subsequently, a colony picking process is performed for
ELISA positive clones using bioinformatics. Generally, 12 antibody clones are
picked per peptide sequence and archived as glycerol stocks at −70°C. This enables

FIGURE 5.9 Schematic representation of ProAb technique.
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us to gain understanding of the distribution and abundance of the genes in both
normal and disease states. 

This technique (ProxiMol) was developed by Osburn et al. in 1998 With Prox-
iMol, antibodies are recognized by a guide molecule (Figure 5.10). The guide
molecule used in this technique can be a carbohydrate ligand or a conjugated fatty
acid, with affinity for either the target protein or the near neighboring molecule. It
also possesses the ability to couple with HRP (horseradish peroxide) directly or
indirectly and retains sufficient biological activity to remain associated with the
target. In this technique, the guide molecule and phages from antibody library are
added together to the intact cells; it is incubated; unbound phage is removed by a
washing off procedure; HRP-conjugate is added and then incubated. Again, the
unbound phage is washed off. Biotin-tyramine and hydrogen peroxide are added,
incubated, and washed. TEA (triethylamine) is added for elution of bound biotiny-
lated phages. These phage antibodies are recovered using streptavidin-magnetic

FIGURE 5.10 Schematic representation of ProxiMol technique. 
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beads. Biotinylation is carried out in close proximity due to the short half-life of
the biotin tyramine free radicals. Phage antibodies identified by the ProAb technique
can be used as the source of antigen for the ProxiMol technique. Screening of the
ProxiMol output can be carried out either on tissue sections or cells by means of
immunochemistry, flow cytometry, or ELISA. 

In immunocytochemistry, signals are usually amplified by means of catalyzed
reporter deposition. In ProxiMol, catalyzed reporter deposition has been modified to
permit the isolation of phage antibodies binding to near neighbor biotinylated guide
molecule. Deposition of biotin molecule can be detected by electron microscopy. 

Phages specific for the guide molecule’s binding partner and its neighbor can
easily be recovered using the ProxiMol technique. This technique does not require
purification or cloning of a protein from its native state. In order to target new
epitopes, repertoire of phage antibodies can be expanded using this technique.

For target selection, adhesion molecules are expressed on the surface of endot-
helial cells. For this purpose, sialyl Lewis X is used as the guide molecule in the
case of expression of P- and E-selectins for TNFα–activated HUVEC (human umbil-
ical vein endothelial cells). Thus, targeting membrane-bound antigens in situ is also
possible with this technique. 

The most significant disadvantage of this technique is that the use of a receptor
ligand limits the isolation of antibodies that do not bind at the ligand binding sites
and neutralize the receptor-ligand interaction.

In conclusion, the ProxiMol technique may enable us to form the maps of
multiprotein complexes as it provides both targeting specific cell surface receptors
and other proteins associated with this receptor. No matter what technique is used
to form phage libraries, it is not possible to interpret the data manually; it is
accomplished by using bioinformatics. 

Immunochemistry is the most important medical diagnostic technique where
phage particles find optimum applicability. However, it has not been used universally
because of the difficulty of operating the technique high throughput as it requires
analysis of nearly 1000 samples per month. It requires a link with clinical centers
having diverse tissue banks in order to get easy and fast access to tissues which
should be preserved promptly postmortem. Optimal processing should be done to
preserve antigens by means of cryosections of tissue samples and mild fixation with
cold-acetone. This will increase the speed and facilitates cross-comparisons. Thus,
it is well known that forming tissue banks is not easy and cost-effective. 

Phage antibodies are directly used to label tissue sections. Interpretation of the
data is performed by a team of experts including histochemists and must be subjected
to cross-examination. Images are captured using microscopes with a digital camera
attachment and archived in databases for further analysis of pathologists. 

Fields of Application for Phage Display Technique

Phage display techniques can be used in any field where molecular biological
approaches find application. It can be successfully used for epitope mapping, vaccine
development, identification of proteinkinase substrates and nonpeptid ligands, selec-
tion of functional interactions of hormones, enzymes, enzyme inhibitors, mapping
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of protein-protein bonds, identification of ligands of cell surface receptors, and in
vivo screening for diagnosis. 

Antibody produced by this technique is used for many different purposes in
medicine and pharmacy. As the size of a scFv molecule produced by phage display
(27 kDa) is smaller than that of a complete antibody (~150 kDa), it is used for
diagnosis and therapy. Monoclonal antibodies produced by conventional approaches
for tumor detection, slowly diffuse into the tissues and are removed from circulation
due to their large size. It seems that scFv will soon replace them. 

Small antibodies in the form of scFv can easily pass over the cell boundaries
and this is the main reason behind their use for diagnosis and therapy. Also, rapid
removal of these small structures from serum and tissues presents a significant
advantage. Removal of digoxin from the circulation is achieved by this approach.
Now, it is possible to produce protector antibodies against HIV and hepatitis B is
possible using phage display technique. Another field of application for phage
display techniques is the synthesis and the improvement of immunogenicity of
synthetic peptide vaccines. 

BIOINFORMATICS

With the development of advanced automated DNA sequencers and the collaborative
efforts of the Human Genome Project (HGP), the amount of information on gene
sequencing, proteins, gene and protein expressions has increased enormously.
Human genome sequence offers wealth of useful knowledge to scientists. It should
be possible to categorize, store, and execute the data on sequence information
generated by genomics and proteomics for interpretation when needed. Popular
sequence databases (e.g., GenBank, EMBL) have been expanding with new sets of
data. This enormous information has necessitated the development of a new
approach. It is believed that this new approach will provide two significant impli-
cations: (a) use of data management and data analysis tools to deal with all this
information, and (b) enlightening complex interactions. In the 1990s, information
technology (IT) was applied to biology to produce the field called bioinformatics. 

Proteins interact with each other in many different ways. These interactions may
be structural, evolutionary, functional, sequence based, and metabolical. Life
depends on such biomolecular interactions. Among all these interactions, structural
ones are the simplest and easiest to investigate because they are the most definite.
Therefore, the main goals of bioinformatics are to create and to maintain the data-
bases of the biological information which may lead to better understanding of these
interactions. 

Both the nucleic acid sequences and the protein sequences derived from the
biological information are collected in most such databases. Large amounts of data
in these databases need to be sorted, stored, retrieved, and analyzed. Selection of
subsets of data for particular analysis should also be done. IT providers designed
such a data warehouse and developed an interface that provides an important benefit
to researchers by making it easy to access the existing information and also to submit
new entries (i.e., datamining) (Table 5.6). Middlewares and structured query lan-
guage (SQL) softwares were developed for this purposes. The former one is used
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to normalize the data and to eliminate duplication. The latter one allows specific
information searches (e.g., a specific gene containing a specific sequence). Data
mining for unknown relationships is a process of identifying valid, novel, potentially
useful, and clear patterns in data and is conducted through building algorithms and
looking for correlations and patterns in data. Statistical methods, pattern recognition,
neural networks, fuzzy logic, cluster analysis, case-based reasoning (CBR) are some
of the major datamining methodologies. Outcome of data mining can be used to
produce models of protein interactions, disease pathways, regulatory cascades. Sub-
sequently, these models are used to make predictions. In the later stages of bioin-
formatics, in silico testing is carried out to predict the behaviors-based models
created by datamining. For example, a new set of potential pharmaceutical active
substances can be subjected to in silico testing and the ones with less potential are
discarded without conducting any sets of experiments. 

TABLE 5.6
Diagram of Information Chain in Bioinformatics 

Genomics and proteomics data

Database design for data mining

Databases

Integrating & normalizing software

Integrated data

Datamining Data sorting & searching

                Datamining, sorting & searching software

    Modeling

       Testing in silicon chips

     Predictions supported by experimental data
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IT providers and biologists work together to form an approach to analyze the
data on sequence information stored in databases and they called this approach
computational biology. The particular objectives of computational biology (CB) are

• To find the genes of interest in the stored DNA sequences 
• To develop new methods to predict the structure or function of newly

discovered proteins 
• To classify and find the category of protein sequences under investigation

into families of related sequences 
• To develop new protein models
• To generate phylogenetic trees by aligning similar proteins 
• To examine evolutionary relationships among proteins

The DNA sequences in nature encode proteins with very specific functions. In
CB, algorithms are used to enlighten the 3-D structure of these functional proteins.
This requires the combinatorial work of physics, chemistry, and biology. The infor-
mation obtained from the analysis of other proteins with similar amino acid
sequences form the basis of this work. This allows the use DNA sequences to model
protein structure. 

Most biological databases are composed of the sequences of various nucleotides
(e.g., guanine, adenine, thymine, cytosine, and uracil) and/or amino acids (e.g., thre-
onine, serine). Each sequence of amino acids represents a particular protein. Before
the development of bioinformatics, sequences were represented using single letter
designations as suggested by the International Union of Pure and Applied Chemistry.
This was to reduce the space needed for storage of information and to increase
processing speed for analysis. With the implication of information technologies to
biology, this problem was overcome. The data on sequences have been stored and
organized into databases and then analyzed rapidly by means of computational biology.
Everyday mathematicians and/or IT scientists develop new and sophisticated algo-
rithms for allowing sequences to be readily compared using probability theories. These
comparisons become the basis for determining gene function, developing phylogenetic
relationships, and simulating protein models. With the invention of the Internet, nearly
everyone has access to this information and the tools necessary to analyze it.

Outcome of the methods used in bioinformatics allow scientists to build a global
protein structural interaction map. The first developed map is called PSIMAP (Pro-
tein Structural Interactome Map). It has low resolution and allows production of a
draft map for very large-scale protein interaction study. Protein maps reveal that
protein structures have distinct preferences for their interacting partners and the
interactions are not random. Some proteins have only one interaction partner whereas
some have more. Some protein groups function as separately while others work
within larger complexes. Also, many proteins possess homointeraction.

The collecting, organizing, and indexing of sequence information into a database
provides the scientist with a wealth of information on human genome and proteome.
What makes this database so useful and powerful is its analysis, which may lead to
information indicating that the sequence of DNA in question does not always
constitute only one gene; it may contain several genes. 
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As all genes share common elements, it has been possible to construct consensus
sequences, which may be the best representatives for a given class of organisms.
Common genetic elements include promoters, enhancers, polyadenylation signal
sequences, and protein binding sites’ and they have also been further characterized
into subunits. This common elemental structure of genes makes it possible to use
mathematical algorithms for the analysis of sequence data. Software programs are
developed to find genes with desired characteristics. In these programs, probability
formulae are used to determine whether two genetic sequences are statistically similar
or not. This allows pattern recognition. Then, the data tables containing information
on common sequences for various genetic elements are formed. As different taxo-
nomic classes of organisms possess different genetic sequences, these taxonomic
differences are also included in an analysis to speed up processing and to minimize
error. Analysis of the data is carried out following the instructions provided with the
software defining how to apply algorithms. The acceptable degree of similarity and
the criteria to include the entire sequences and/or fragments in the analysis are given
by these instructions. It is best to enable users to adjust these variables themselves.

Protein modeling is challenging work and comprised of the following steps. 

1. Finding the place of transcription: In this step, a genetic locus is located
for transcription. It provides the information on start and end-codons for
translation.

2. Location of translation: Although it is known that the start-codon in
mRNA is usually AUG, the reading frame of the sequence must also be
taken into consideration. In a given DNA sequence, only six reading
frames are possible. Three frames on each strand must be considered. As
transcription takes place away from the promoters, the definitive location
of this element can decrease the number of frames to three. Finding the
location of the appropriate start-codon will include a frame in which they
are not apparent abrupt stop-codons. Information on the molecular weight
of the protein will be helpful to complete the analysis. Incorrect reading
frames usually show themselves with relatively short peptide sequences.
Although it is easy to carry out such process in the case of bacteria, the
scientists working with eukaryotes face a new obstacle, namely, introns. 

3. Detection of intron/exon splice sites: Introns in eukaryotes cause discon-
tinuation of the reading frame. If the analysis is not focused on a cDNA
sequence, these introns must be spliced out and the exons joined to form
the sequence that actually codes for the protein. Intron/exon splice sites
can be predicted based on their common features. Most introns begin with
the nucleotides GT and end with the nucleotides AG. There is a branch
sequence near the downstream end of each intron involved in the splicing
event. 

4. Prediction of 3-D structure of the protein under investigation: After com-
pleting the analysis of primary structure, modeling the 3-D structure of the
protein is carried out using a wide range of data and CPU-intensive computer
analysis. In most cases, it is only possible to obtain a rough model of the
protein. This may not be the key to predict the actual structure as several
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conformations of the protein may exist. Patterns are compared to known
homologues whose conformation is more secure. X-ray diffractional analysis
is conducted and the data obtained may be useful for the protein of interest.
Then, biophysical data (physical forces and energy states for bonds) and
analyses of an amino acid sequence can be used to predict how it will fold
in space. All of this information is computed to determine the most probable
locations and bonds (bond energies, angles, etc.) of the atoms of the protein
in space. Finally, this data is plotted using appropriate graphical software to
depict the most suitable 3-D model of the protein under investigation. 

As seen in the last step, protein models are often developed based on graphs.
Graphs may be used to nondirectional molecular interactions and associations
between two or more molecules. However, graphs may rapidly grow in complexity
and overwhelm even the most powerful supercomputers today. 

Many databases already store data on various kinds of pathways of biological
systems and molecular interactions. Some of them are 

• For metabolic pathways: KEGG, EcoCyc, BRENDA, WIT2 
• For signaling patways: CSNDB, AFCS, SPAD, BRITE, TransPath
• For gene regulatory networks: TRRD, TransPath
• For protein interactions: BIND, DIP, MIPS, GeneNet

Data is stored by various ways in these databases. Some are stored in flat files
form, some relational, and others object oriented. The most important disadvantage
of bioinformatics is the lack of standardization preventing widespread commercial-
ization of new tools. This leads to a challenge to represent, analyze, and model
molecular interactions in systems biology for determination of the way in which
proteins function at cell level. This requires development of new representations and
algorithms. Some modeling tools have been used to overcome problems of modeling
in engineering and information technologies may be useful to solve this obstacle.
To discuss the problems and the possible ways of solving them, BioPathways
Consortium (BPC) was established in June 2000. The main objectives of the con-
sortium are to synthesize and disseminate information from different sources, to
identify scientific and IT-related problems, to form a set of standards, and to promote
university–industry collaboration. 

Beside company-owned private databases, there are also public databases that
anyone can have access to. Use of private databases requires a fee. Some of them
do not allow public access regardless of the payment of a fee. Most of the accessible
databases are Web-based. Sometimes databases have different levels for access.
Generally, the basic access is free or requires a minimal fee. Higher fees are asked
for the access to higher levels which contain the more difficult to obtain data or
complex search and algorithms for datamining. Software to access information from
these databases is also public software (i.e., shareware) or the commercially available
ones. There are also boutique-type companies offering expertise on specific data-
bases and applications. The most commercially available software has the ability to
analyze clusters, annotate genes based on known functions, and display image of
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gene positions and different profiles of the same gene, and at the same time, quantify
expression levels, analyze data, search for regulatory sequences, and identify the
linked genes. It can also perform data extraction for a specific gene. 

As the 2D-PAGE is the core separation technology with high resolution, many
scientists working in the field of proteomics have been using 2D protein databases.
Implication of this technique to systematically analyze human proteome requires a
reproducible 2D-gel system along with a computer-assisted technology to scan the
gels, make synthetic images, assign numbers to individual spots and match them.
At first, a digital form of the gel image is prepared as a standard. Scanners (laser
type, array type, or rotating type), television cameras, and multiwire chambers are
used as tools for this purpose. Subsequently, the 2D-protein gel image is analyzed
and processed using various software programs such as PDQUEST (BioRad), MEL-
ANIE 3 (Swiss Institute of Bioinformatics), ProXPRESS (Perkin-Elmer),
PHORETIX (Nonlinear Dynamics Ltd). Synthetic images can be stored on a disk
for further editing. The editing process is not time efficient and requires expertise.
Misleading scratches are erased, streaks are canceled, closely packed spots are
combined, restored, and added to the gel during the editing process. The standard
image is then matched automatically by the computer to other standard gels. Proteins
are matched based on their gel position. After preparing a standard map of a given
protein sample, related qualitative and quantitative information can be entered to
establish a reference database. Then, categories are created on the basis of physical,
chemical, biochemical, physiological, genetic, structural, and biological properties.
Unfortunately, there is no software program available in the market to provide full
automatic analysis of 2D gel images. There are data warehouses or galleries that
can be used for the comparison of protein expression profiles between human tissues
and cells, on the Internet (e.g., ZOO-PLANT gallery of Gromov et al. 2002). 

In conclusion, the protein mapping by bioinformatics approach offers an effec-
tive route to drug discovery by pinpointing signaling pathways and components that
are deregulated in specific disease states. The most important challenge to be
addressed before applying proteome projects to the treatment of diseases is to
identify and functionally characterize targets that lie in the pathway of diseases. This
is of great importance to the pharmaceutical industry from the drug screening
perspective. A recently developed technique called laser capture microdissection
(LCM) may be useful for this matter as it provides rapid and reliable extraction of
cells from a specific tissue section, and recovery of a protein suitable for 2D-PAGE
analysis and MS. Thus, LCM coupled 2D-PAGE approach may have great impact
on analysis of proteins in healthy and disease states. 

Much of the basic research in bioinformatics applications for proteomics orig-
inated in universities. Although most of the universities do not have specific depart-
ments of bioinformatics, they have biology, bioengineering, computer engineering,
chemistry, pharmacy, and information management departments working on projects
directly or indirectly on data for bioinformatics. There are also many collaborative
ongoing projects at public research institutions. Since bioinformatics requires a
multidisciplinary approach (Figure 5.11), the scientists with different backgrounds and
skills gather for such projects and generally, the universities become the start point.
Every day, a new academic spin-off company is established, bringing a particular
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combination of skills that are required for bioinformatics (Table 5.7). Molecular
Mining Co., Open Text Co., and Nanodesign, Inc. are just some of them. The latest
one is a drug discovery company that designs virtual molecule libraries focused on
a targeted therapeutic activity. Moreover, university–industry collaborations exist.
Some of the bioinformatics companies are also listed in Table 5.7. Many new
companies develop new or improved datamining and data management software.
Collaborations in the field of bioinformatics are usually formed among software
developer companies, academic researchers, and traditional pharmaceutical or bio-
technological companies. Apart from pharmaceutical companies, hardware and soft-
ware companies in Silicon Valley also have a great interest in bioinformatics. For
instance, IBM made a $100 million investment in biotechnology. Also, Oracle,
Hitachi, and Myriad invested in a collaborative project. Unfortunately, most of the
small bioinformatics companies may not survive in the competitive marketplace.
Presumably, in the next 5 or 10 years, parallel to the advent of bioinformatics, a
new class of professionals will emerge, the bioinformaticists. They will be different
from the biologists with some IT knowledge or some IT experts with some biology
knowledge. Bioinformaticists will be expert on developing the software and using
it as a tool after training in future bioinformatics departments of universities.

Other anticipated trends include

• Software will become more user friendly over time
• In silico testing is expected to blossom in the future
• The accuracy and the ability of DNA and protein microarray technologies

to detect small differences will get better
• Computing speeds and storage capabilities will improve

FIGURE 5.11 Bioinformatics as a multidisciplinary approach.

BC: biochemistry; 
CI: cheminformatics; 
MC: medicinal chemistry; 
PBT: pharmaceutical biotechnology

Chemistry

Biology IT    Technology

MC

Pharmacy

BC CI

PBTPBT
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• Data mining tools will become more powerful and accurate
• The possibility of bench testing for screening potential pharmaceutical

active substances for confirmation of the outcomes of silicon tests. This
may shorten the time frame to reach clinical trials for potential drug can-
didates and allow a more systematic drug development process

In summary, the information collected by the use of bioinformatics will lead to
understanding of complex regulatory and disease pathways and will be helpful to
design new treatment strategies. 

DNA AND PROTEIN MICROARRAY TECHNOLOGIES

It is well known that the genome of an organism and its products (i.e., RNA and
proteins) function in a complicated and well-harmonized way that is believed to be
the key to the mystery of life. However, conventional molecular biology methods

TABLE 5.7
Bioinformatics Companies

Company Collaborator Projects

Molecular Mining Co. Queens University Development of software to analyze and 
visualize gene expression data.

Building predictive models for in silico 
testing of drug candidates.

Nanodesign Inc. University of Guelph Software development to provide 
pharmaceutical candidate generation 
and optimization.

Design of molecular libraries for targeted 
therapeutic activity.

Open Text Co. Waterloo University Searching and managing text-based 
biological information.

Curagen — Identification and development of protein 
and antibody drugs.

Discovery of small molecule drug targets.
AxCell Biosciences
(a subsidiary of Cytogen 
Co.)

— Intercellular protein interactions → a 
complete characterization of one protein 
domain family.

Informax Inc. — Integrated software solutions for project 
management and analysis of available 
proteomic information.

Accelrys, Inc. Oxford University Software combining bioinformatics and 
cheminformatics.

Double Twist Inc. Sun Microsystems
Oracle

Software and Web-based tools for 
analyzing, annotating, managing, and 
mining information from a large number 
of biological and chemical sources. 
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generally suggest an outcome that the throughput is very limited, and to determine
the entire picture of the function of a gene is really difficult and challenging. 

Multiple material transfer steps in genomics and proteomics (e.g., pipetting,
chromatography, elution from gels) present a significant problem: “loss of peptides.”
This can be overcome with miniaturization (micro- or nanoscale analysis). Since
miniature-scale technology offers high-sensitivity analytical work, during the last
decade, scientists developed a new technology called DNA microarray. It has attracted
tremendous interests with molecular biologists. It is basically a new protein separation
technology and holds promise to monitor the whole genome on a single chip. This
could allow researchers a better picture of the interactions among thousands of genes
simultaneously and use this information for further protein analysis. Microarrays
allow a very large number of experiments to be performed and analyzed automatically.
Common characteristics of the chips used in microarray technology are that they are
usually made of silicon and very similar to those used in microcircuits. Microarray
technologies facilitate incorporation of electronic controls and of detectors into the
devices. These devices allow us to conduct simultaneous processing and analysis of
a number of samples at the same time. This approach leads to high throughput. Highly
parallel implication of protein digestion, separation, and MS analysis can significantly
increase the speed of proteome analyses. Microscale MS sources are used to coupled
microscale peptide separation devices to MS analyzers. MALDI and ESI are used as
ionization methods in prototypes for such sources and are highly sensitive. 

A wide range of terminology has been used to describe this technology in the
literature (e.g., biochip, DNA chip, DNA microarray, gene array). Some companies
derived their own definition for their microarray technologies. For example, Affyme-
trix, Inc. (Santa Clara, CA) describes its own microarray technology as GeneChip®,
which refers to its high-density, oligonucleotide-based DNA arrays. GeneChip is the
most widely used terminology to describe DNA microarray technologies. 

DNA ARRAYS

Base pairing (i.e., A-T and G-C for DNA; A-U and G-C for RNA) or hybridization
is the basic principle behind DNA microarray. An array is an orderly arrangement of
samples that provides a medium to match known and unknown DNA samples based
on base-pairing rules. Identification of the unknown samples is performed using
automated tools. Common assay systems such as microplates or standard blotting
membranes can be used for DNA array experiments. In these experiments, the samples
can be deposited either manually or with robotics. In general, DNA arrays are
described as macro- or microarrays. The only difference between them is the size of
the sample spots. Macroarrays are comprised of minimum 300 microns of sample
spots and can be easily imaged by existing gel and blot scanners. On the other hand,
the size of the sample spots in microarray is maximum 200 microns in diameter.
Microarrays contain thousands of spots and require specialized robotics and imaging
equipment. The most significant drawback behind micrroarray technology is that
these advanced instruments are not commercially available as a complete system. 

DNA microarrays are produced using high-speed robotics on glass or nylon sub-
strates to form probes with known identity. According to Phimister, “probe” stands
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for the tethered nucleic acid sample whose identity/abundance is being detected. These
probes are usually used to determine complementary binding and allow scientists to
conduct massive parallel gene expression and gene discovery studies. A DNA microar-
ray experiment utilizing a single chip can provide information on thousands of genes
simultaneously, which leads to an enormous increase in throughput. 

Two different forms of the DNA microarray technology exist at present. 

1. Probe cDNA which is 500~5,000 bases long, is immobilized onto a solid
surface such as glass using robot spotting. Then, it is exposed to a set of
probes either separately or in a mixture. This method was developed at
Stanford University and is called “conventional DNA microarray.” 

2. An array of oligonucleotide which is composed of 20~80-mer oligos, or
peptide nucleic acid probes, is synthesized either in situ (i.e., on-chip) or
using conventional synthesis followed by on-chip immobilization. The
resultant DNA array is then exposed to the labeled sample of DNA, hybrid-
ized, and the identity/abundance of complementary sequences determined.
This method was developed at Affymetrix, Inc. and called “DNA chips.”
Today, oligonucleotide-based chips are manufactured by many companies
using alternative in situ synthesis or depositioning technologies. 

Design of a Microarray System

A DNA microarray experiment can be designed and conducted with the following steps. 

1. Determination of the DNA type to be used for probes in this experiment:
Generally, cDNA/oligo with known identity is used.

2. Chip fabrication: Probes are placed on the chip by means of photolitho-
graphy, pipetting, drop-touch, or piezoelectric (ink-jet). 

3. Sample (target) preparation: The sample (RNA, cDNA) is fluorescently
labeled. 

4. Assay is carried out by means of hybridization, the addition of a long or
short ligase or base, electricity, MS, electrophoresis, fluocytometry, or PCR. 

5. Readout can be performed without using any probe (i.e., applying con-
ductance, MS, electrophoresis) or by implication of fluorescence or elec-
tronic techniques.

6. Bioinformatics: Robotics control, image processing, data mining, and visu-
alization are usually used for implementation of microarray experiments. 

Attachment of a Single DNA Molecule to a Silicon Surface 

This is the most important step of microarray technology. Attachment of a single DNA
molecule to a silicon surface can be done by either one of the following methods. 

1. Chemical attachment: Chemicals usually specific to certain surfaces or
sites are used for this purpose. 
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2. Heat-aided attachment: A more recent method that promises a more
general and powerful method for depositing single DNA molecules onto
specific locations of silicon chips. DNA arrays developed using this
method are expected to provide a new approach for developing biosensors
or bioelectronic circuitry. Shivashankar et al. were the first scientists to
attach a single DNA molecule to a latex bead in water. Then, an “optical
tweezer” (a focused laser beam) was used to trap the bead and hold the
DNA molecule in place. Subsequently, AFM (atomic force microscope)
tip was brought in contact with the bead. Meanwhile, the laser was left
on to attach the tip of the probe to the bead. This method as given allows
great manipulation flexibility, helps maintain the biological functionality
of the DNA, and offers the possibility of studying DNA and protein
interactions; therefore, it is more favored. 

How to Choose an Array

The choice of DNA array depends on cost, density, accuracy, and the type of DNA
to be immobilized on the surface. The first criteria should be whether the chips
contain immobilized cDNAs or shorter oligonucleotide sequences. The former must
be spotted on the chips as complete molecules, but oligos can either be spotted or
synthesized on the surface of a chip. The final criteria to select a chip should be
whether the user makes or purchases the chip. Homemade systems offer limited
number of spotting samples. 

PROTEIN ARRAYS

In proteomics, the corresponding match to DNA microarray is protein array.
Although it sounds promising and easy to conduct, protein arrays present a major
problem. DNA array technology is based on the hybridization of complementary
sequences via Watson-Crick base pairing. However, hybridization does not take place
between proteins and complementary sequences. Therefore, one-to-one matching
between targets and probes that are the major requirement in DNA microarray, is
not possible in proteomics. Protein arrays with different recognition elements are
still being developed to be used for protein analysis by selective protein interactions. 

Recognition elements can be nonselective or highly selective.

1. Nonselective recognition molecules
(a) Ion exchange media: They bind proteins on the basis of charge under

specific solution conditions
(b) Immobilized metal affinity ligands: They recognize some protein func-

tional groups such as phosphoserine, phosphothreonine residues
2. Highly selective molecules

(a) Antibodies targeted to specific proteins
(b) Nucleic acid aptamers: They are different oligonucleotide sequences

for unique arrangements of hydrogen-binding donors and receptors in
3-D space. These sequences may specifically bind to specific protein
structural motives
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The most well-known approach of using recognition elements in protein arrays
was developed by Ciphergen Biosystems (Fremont, CA). This company offers a
number of customized surface chips for protein capture to be used prior to MALDI-
TOFF analysis. 

The recognition elements can be used as:

1. Front end to capture proteins for MS (as used by Ciphergen)
2. Alternative approach to MS (non-MS detection): Arrays containing a

number of different antibodies are used to capture a wide range of a
collection of proteins targeted by antibodies. This approach allows
researchers to conduct a screening process with high sensitivity and
throughput for the specific proteins. The specificity and the affinity of
antibodies, the influence of the antibody-attachment chemistry on anti-
body efficiency and the conditions under which antibody-protein target
binding occurs, play the key role to achieve the goal in this approach. 

Protein-specific arrays allow scientists to carry out parallel studies dealing with
identification of protein–protein interactions and the influence of drugs, other chem-
ical entities, and diseases on these interactions. Arrays printed on glass slides or
multiwell plates are used to investigate protein–protein and protein–drug interac-
tions. Subsequent analysis is conducted by mass spectrometry tools. 

Various types of substances are bound to protein arrays. Some of them are
antibodies, receptors, ligands, nucleic acids, carbohydrates, or chromatographic sur-
faces. Some of these surfaces possess a wide range of specificity and show nonse-
lective binding to proteins (i.e., bind to entire proteome) whereas others possess
selective binding characteristics. Nonselective binding is usually not favored and,
therefore, the DNA array is washed to reduce this feature after the capture step. The
retained proteins are uncoupled from the array surface upon application of laser light
and then, analyzed utilizing laser disorption/ionization TOFF MS methods.

Some arrays used in proteomics contain antibodies covalently bound onto the
array surface for immobilization. Then these antibodies capture corresponding anti-
gens from a complex mixture. Afterwards, a series of analysis are carried out. For
instance, bound receptors can reveal ligands. With this information in hand, binding
domains for protein–protein interactions can be detected. The main problem in using
microarray methods for proteomics is that protein molecules must show folding with
the array in the correct conformation during the preparation and incubation. Other-
wise, protein–protein interactions do not take place. 

APPLICATIONS OF DNA AND PROTEIN MICROARRAY TECHNOLOGY

DNA microarray technology can be applied for the following purposes.

• To identify sequence of a gene or a gene mutation
• To determine the expression level of genes
• To purify proteins
• To profile gene expression
• To profile protein interactions
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DNA microarray technology has had a significant impact on genomics and
proteomics study. It is widely believed that drug discovery and toxicological research
will eventually benefit from the implication of DNA microarray technology. Also,
DNA microarray devices called “microfluidics” were developed for diagnostic pur-
poses near the end of the 1990s. 

Design of DNA microarrays lead to significant improvement in the field of
pharmacogenomics, which deals with the reasons behind individual differences in
drug responses, toxicity, and multiple drug resistance and hence, aims to find cor-
relations between therapeutic responses to drugs and the genetic profiles of patients. 

Another important area for DNA chips is “toxicogenomics” where main goal is
to find correlations between toxic responses to toxicants and changes in the genetic
profiles of the objects exposed to such toxicants.

The major application areas of DNA and protein arrays are listed in Table 5.8.
Although they offer promising applications in medicine and pharmacy, most of the
fields of application are still being developed and some (diagnosis and pharmaco-
genomics) are available only for research. Among all of them, expression profiling
has become the dominant application. Although the number of companies in this
field is relatively small at present, it is estimated that the market share of expression
profiling will be approx. US$434 million within a year as many companies have
been entering the market. Currently, Affymetrix, Inc. is the leading company in this
segment of the market.

Microarray technologies are expensive. Companies developed the most sophis-
ticated and the most expensive systems. Recently, they have set up various marketing
arrangements and collaborations between the industry and academia. For example,
Affymetrics, Inc. developed a program called “AcademicAccess Program” which
allows academicians to have access to Affymetrix’s GeneChip technology with
discount pricing. Companies also focus on developing cost-effective technologies
with reasonable scale.

TABLE 5.8
Potential Applications of DNA and Protein Array Technologies

Field of Application DNA Arrays Protein Arrays

Diagnosis of diseases and/or
pathological conditions

Current use is only for research Significant use
No development yet

Pharmacogenomics Current use is only for research Significant use
No development yet

Screening No development at present Significant use
No development yet

Expression profiling Significant use in research and 
drug discovery studies

Still in early stage of development

Toxicogenomics Still in early stage of 
development

Significant use
No development yet
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PHARMACEUTICAL AND MEDICAL APPLICATIONS
OF PROTEOMICS

Subsequent to the decoding of genomic information, the field of proteomics is
booming since protein molecules, usually functional and structural units, represent
essential targets for drug therapy. Techniques used in proteomics are complex and
require state-of-the-art technologies to identify and determine interactions of protein
molecules with themselves and other molecules (i.e., protein–protein, protein–drug
interactions), to store and interpret proteome information to enlighten their structure
and functions as may be useful for the development of new diagnostic kits and more
efficient therapeutical approaches. It is believed that the databases created in pro-
teomic studies will offer a global approach to investigate the chemical, physiological,
biochemical, genetic, physical, architectural, biological properties, and function of
proteome in health and disease. 

Advances in complex proteome technologies accelerate site-specific drug devel-
opment. Promising areas of research include: delineation of altered protein expres-
sion, not only at the whole-cell or tissue levels, but also in subcellular structures; in
protein complexes and in biological fluids; the development of novel biomarkers for
diagnosis and early detection of disease; and the identification of new targets for
therapeutics; and the potential for accelerating drug discovery through more effective
strategies to evaluate therapeutic effectiveness and toxicity.

Celis et al. (1994) have focused on establishing 2D proteomic databases useful
for skin biology and in bladder cancer. They used noncultured cells such as kerati-
nocytes (Celis et al., 1992) to study the former, and transitional and squamous cell
carcinomas of the bladder (Celis et al. 1999) for the later. The human keratinocytes
2D-PAGE database is depicted at http://biobase.dk/cgi-bin/celis; it is the largest
available database, listing 3629 cellular and 358 externalized polypeptides. The most
significant benefit of this database is that it allows extensive search on proteomics
with its large capacity. At present, approximately 100 information categories (e.g.,
protein name, localization, regulation, expression, post-translational modifications)
are available in this database. It is possible to query the database searching by name,
protein number, molecular weight, pI, organelle or cellular component, and to display
its position on the 2-D image. This image can be compared to the master keratinocyte
image. Nearly 100 polypeptides with known properties were stored as references.
Again, the discovery of PCNA/cyclin, the first protein discovered by 2D gel tech-
nology, was carried out by Celis et al. It was found that PCNA/cyclin plays a
significant role in DNA replication. 

New precision technology, based on protein structures and function makes it
possible for clinicians to detect cancer earlier than ever and provide individualized
treatment. Following the discovery of new proteins and gene maps, cancer research-
ers believed that proteomics is a revolutionary approach to detect cancer and other
major illnesses (e.g., HIV) during their early phases and to tailor individualized
therapy. 

Proteomics has the potential to revolutionize diagnosis and disease management.
Profiling serum protein patterns by means of surface-enhanced laser desorption/ion-
isation time of flight (SELDI-TOFF) mass spectrometry is a novel approach to
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discover protein patterns that can be used to distinguish disease and disease-free
states with high sensitivity and specificity. This method has shown great promise
for early diagnosis of cancer (e.g., ovarian cancer).

The study of Cellis et al. (1999) on bladder cancer was performed with the aim
of unraveling the molecular mechanism of underlying tumor progression. For this
purpose, approximately 700 tumors have been analyzed by utilizing 2D gel tech-
nologies. Several biomarkers have been identified, assuming that they may be useful
for classifying superficial lesions and determining the individuals at risk. 

Moreover, Cellis et al. have been working on identifying protein markers that
may be valuable for diagnosis and follow-up of bladder cancer patients. To achieve
this goal, they have focused on the establishment of a comprehensive 2D gel database
of urine proteins. 

In 2001, both Lawrie et al. and Moskaluk coupled LCM (laser capture micro-
dissection) with 2D gel proteomics to recover proteins from laser captured micro-
dissected tissue in a form that can be used in 2D gel analysis and mass spectrometry.
This may provide valuable information for protein profiling and databasing of human
tissues in healthy and disease states. 

Recombinant antibodies are used for analysis of a proteome of a cell. The
quantitative detection can be performed using either Western blotting flow cytometry
of labeled cells. Use of different antibodies, each one of which is directed toward a
different cellular protein, can provide monitoring of protein levels. Microarray tech-
nology can be used to accelerate the process of monitoring. Facilitating such tech-
nology will offer parallel screening of selected antibodies against both diseased and
nondiseased tissues. This will lead to the information on protein expression in disease
states. The most significant benefit of microarray technology is that it enables the
researcher to conduct an efficient proteomic study even when the sample size is
limited in clinically derived tissues. Robotics and microfluidic networks have been
used for this purpose along with microarray technologies (e.g., antibody array). This
provides a better approach to localize antibodies and delivers small sample volumes
to selected sites of the array. 

Recently, polyclonal mouse antihuman IgG antibodies fluorescently labeled with
Cy5 were used to detect the binding of human myeloma proteins to biotinylated
monoclonal antibodies. Again, Cy5-labeled antibodies were used to determine bac-
terial, viral, and protein antigens bound to biotinylated IgGs. 

Also, using DNA arrays for profiling gene expression has had a tremendous
impact on pharmaceutical and medical research. Examples of disease-related appli-
cations include uncovering unsuspected associations between genes and specific
clinical properties of disease. This will provide new molecular-based classifications
of disease. As to cancer, most of the published data on tumor analysis by DNA
microarrays have investigated pathologically homogeneous series of tumors for
identification of clinically relevant subtypes (i.e., comparison of responders with
nonresponders). These arrays have also examined pathologically distinct subtypes
of tumors of the same lineage to identify molecular correlations or tumors of different
lineages to identify molecular signatures for each lineage.

The best examples for the use of DNA microarray in cancer profiling are the
studies on breast cancer to uncover new disease subtypes. Based on the data
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obtained in these studies, tumors leading to development of breast cancer have
been classified into three distinct groups as a basal epithelial-like group, an ErbB2-
overexpressing group, and a normal breast-like group. A later study on invasive
breast cancers suggested a new classification for estrogen-receptor (ER)-negative
breast cancer. 

Although DNA microarray provides gene expression profiling in cancer, there
is a significant need to identify many different features of proteins that are altered
in the disease state. These include determination of their levels in biological samples
and determination of their selective interactions with other biomolecules, such as
other proteins, antibodies, or drugs. This led to the development of “protein chips”
that can be used for assay of protein interactions. Protein chips or microarrays are
being evaluated by scientists as a new way of tracking biological responses to
therapy. Futhermore, development of tissue profiling at disease state, using protein
microarrays is underway. Knezevic et al. studied protein expression in tissue derived
from squamous cell carcinomas of the oral cavity through an antibody microarray.
They used LCM for quantitative and qualitative analysis of protein expression
patterns within epithelial cells. It can be correlated to the tumor progression in the
oral cavity. Most of the proteins identified in both stromal cells surrounding and
adjacent to regions of diseased epithelium were involved in signal transduction
pathways. Therefore, they assumed that extensive molecular communications involv-
ing complex cellular signaling between epithelium and stroma play a key role in
progression of the cancers in the oral cavity. Another important application of protein
arrays is the identification of proteins which induce an antibody response in autoim-
mune disease (e.g., systemic lupus erythematosus). 

Proteomics have been used to develop biomarkers. This is achieved by compar-
ative analysis of protein expression in healthy and diseased tissues to identify
expressed proteins to be used as new markers, by analysis of secreted proteins in
cell lines and primary cultures, and by direct serum protein profiling. MALDI seems
to be a good technique for direct protein analysis in biological fluids (e.g., the
identification of the small proteins-defensin 1, 2 and 3 as related to the anti-HIV-1
activity of CD8 antiviral factor). 

Increasing awareness of proteomics led proteomic researchers in academia
gather to establish the Human Proteome Organization (www.hupo.org) with the
leadership of Samir M. Hanash from the University of Michigan. The main goal of
HUPO is to foster collaborative public proteome projects at the international level.
These projects may offer useful outcome in the diagnosis, prognosis, and therapy
of diseases. At first, member scientists agreed to concentrate mainly on the deter-
mination of proteins in blood serum, which may be useful for further studies on
development of biomarkers.

Apart from academic organizations, the NCI (National Cancer Institute) and
FDA (Food and Drug Administration) have initiated a collaboration to focus on
using proteomic technologies to develop more targeted treatments and more reliable
diagnostic kits for early detection of cancer. In mid-2001, researchers analyzed a
series of tumor cells from different patients and came up with a roster of proteins
present in cancer cells. These are distinct molecules not found in normal cells. In
early 2002, scientists involved in this program reported that it is possible to compare
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the protein patterns of blood serums of ovarian cancer patients to those of the healthy
volunteers. This could be a good step in development of biomarkers.

Standardized biomarkers for the detection of clinically significant immunological
responses may be extremely valuable in immunotherapy. Most of the current assay
techniques measure the frequency or function of antigen-specific T cells, or the titers
of antibodies or immune complexes. Unfortunately, they posses inadequate sensitivity
or too high a signal-to-noise ratio to reliably detect the low-frequency T-cell responses
induced by cancer vaccines. Furthermore, these assay techniques indicate only one
aspect of the immune response rather than the complete picture. On the contrary,
proteomics offer a novel approach to immunological monitoring that complements
existing immunological assays. Determination of the protein content of T cells
responding to a vaccine or in the serum of vaccinated individuals may be helpful in
developing quantitative methods to measure the magnitude of immunological
responses. Yalin and Sahin have directed their recent study on the development of
a vaccine for H. pylori–induced stomach cancer using phage display techniques to
design recombinant antibodies and specific nonviral carriers (e.g., liposomes) to
achieve immunotherapy. 

Infectious diseases, still a leading cause of death worldwide, can also be cured
by the aid of proteomics. The most significant obstacle in treatment of infectious
disease is the development of drug resistance. This calls the need for developing
effective new therapies. At this point, joint application of proteomics and microbi-
ology may be valuable. Neidhardt characterized protein expression patterns in E.
coli under different growth conditions. The identification of the complete sequence
of a number of microbial genomes was helpful for identifying proteins encoded in
these genomes using MS. The identification of new potential drug and vaccine targets
against Plasmodium falciparum, which is the main cause of malaria, sets a good
example for this kind of work. Proteomics can be used to enlighten the numerous
significant aspects of microbial disease pathogenesis and treatment. 

Beside medical applications, proteomics have enormous implications in the
pharmaceutical industry. Most major pharmaceutical companies have implemented
proteomics programs for drug discovery. The main reason behind this enormous
interest is that most of the drugs target proteins. However, the pharmaceutical
industry shows a cautious attitude as it is too early to reach a solid conclusion on
the contributions of proteomics to drug development. It may be due to some uncer-
tainty surrounding the adequacy and scalability of proteomics to meet the needs of
the pharmaceutical industry. Nevertheless, it is expected that the use of proteomics
may provide valuable information to be used in the progress of drug development,
by identifying new targets and facilitating assessment of drug action and toxicity in
preclinical and clinical phases. 

Recent advances in genomic and proteomic research have exponentially
increased the number of potential protein therapeutic molecules that may be used
for unmet therapeutical needs. However, to fully understand the therapeutical poten-
tial of these substances, a parallel development should be made in protein delivery
technologies. These new technologies presumably offer the ability to overcome
biochemical and anatomical barriers to protein drug transport, without overcoming
adverse events, to deliver the drug(s) at a favorable rate and duration, to protect
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therapeutic macromolecules from in situ or systemic degradation, as well as increase
their therapeutic index by targeting the drug to a specific site of action. 

Moreover, several studies in the literature illustrate the application of functional
proteomics for identification of regulated targets. Identification of proteases that are
most suitable for drug targeting, by means of an automated microtiter-plate assay,
was modified for the detection of proteases in tissue samples: matrix metallopro-
teases, cathepsins, and the cell serine proteases, tryptase, and chymase. Colorectal
carcinoma biopsies representing primary tumor, adjacent normal colon and liver
metastases were screened for protease activity. It was evident that matrix metallo-
proteases were expressed at higher levels in the primary tumor than in adjacent
normal tissue. On the other hand, the mast cell proteases were at very high levels
in adjacent normal tissue. This type of activity-based screening studies provides a
better way of selecting targets in the development of specific protease inhibitors.
Protein chips can also be used for target identification. Proteomics also may provide
increased efficiency of clinical trials through the availability of biologically relevant
markers for drug efficacy and safety.

Toxicology is one of the most important applications of proteomics. 2D gel
electrophoresis has been used for screening toxic agents and probing toxic mecha-
nisms. Comparison of protein expression during a follow-up study may lead to
identification of changes in biochemical pathways. After compiling a large number
of proteomic libraries of the compounds with known toxicity, it may be possible to
retrieve useful information to asses the toxicity of a novel compound before it enters
clinical trials. 

Toxicology-related proteomic projects involve identification of proprietary pro-
teins associated with toxicological side effects. A few proteomics studies in toxicol-
ogy have yet to be initialized. Wita-proteomics have focused on screening libraries
on HEP G2 cells to identify novel proteins related to liver toxicity. In another ongoing
study carried out by the Imperial College of London and GlaxoSmithKline, it was
reported that by monitoring the proteins in urine of rats that had undergone glom-
erular nephrotoxicity after an exposure to puramycin aminonucleoside, it was pos-
sible to gain detailed understanding of the nature and progression of the protein-
uria toxicity. 

CONCLUSIONS

The 1990s was devoted to the faster development of genomics. However, it seems
that the first decade of the new millennium will become the “decade of proteomics.”
Recent advances in proteomic research have made it possible to generate quantitative
data on protein expression that is compatible to those obtained at genomic level,
with respect to sensitivity, specificity, and scale. Proteomics has begun yielding
important findings that may advance major implications in the areas of pharmaceutics
and medicine. 

Ideal pharmaceuticals should be efficacious and target-specific. They should
interact specifically with the target. One of the major requirements of drug devel-
opment is the target validation. Drugs under investigation should inhibit the target
without exerting any undesired effects. The most significant drawback of assays and
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studies in drug development and toxicology is that they depend on phenotypic
observations. Molecular mechanisms of pharmacological and toxicological effects
are not well understood. In order to gain more understanding at the molecular level,
proteomics has emerged as a new technology. It provides deeper insight into the
molecular processes of diseases as well. All this new information can improve
decision making at critical stages in drug development. Analysis of proteomic data
can enable us to detect and quantify hundreds of proteins in a single experiment and
provides qualitative and quantitative assessments of changes in the protein synthesis
between different tissues and cells with different phenotypes. Differences between
healthy and diseased cells and/or tissues in the presence or in the absence of drug
molecules can be detected. Also, response to different treatments or disease stages
can be monitored, leading the study of the pharmacokinetics of the particular drug. 

One of the important advances in this field is the ability to compile protein
expression databases on cell types ranging from microbes to human cancer. It seems
that proteomics will help to overcome many challenging obstacles in pharmaceutical
biotechnology in the near future. Although 2D gel electrophoresis and MS are the
driving forces behind this fast development, protein chips and antibody-based tech-
niques will attract the interest of researchers the most. Instrumentation for MS
analysis is evolving at an impressive rate. Nanosprays are underway. In addition to
these developments, another noteworthy development is the application of MS as a
“virtual imaging” approach for the analysis of protein distribution in cell and tissue
samples. Now, it is possible to blot tissue slices onto a polymeric membrane, coat
with a MALDI matrix, and use a series of MALDI analysis. Automation is also
essential for large-scale analysis of proteomes. 

Proteomics holds particular promise in the following fields

• Identification of disease-related markers (biosensors, diagnostic kits)
• Identification of proteins as potential candidates in the development of

vaccine targets
• Identification of disease-related targets
• Evaluation of process and bioavailability of drugs (LADME)
• Evaluation of drug toxicity at tissue levels
• Validation of animal models
• Individualized drug design: pharmacoproteomics

Consequently, proteomics is a valuable tool for identification and validation of
drug targets in early phases, the investigation of the mechanism of pharmacological
drug activity and toxicity, and hence, individualized drug therapy. Use of biomarkers
may lead to development of nonanimal models. 

It seems that obstacles of proteomics can be overcome by using combined
techniques. Thus, proteomics require a multidisciplinary approach for drug discov-
ery—combining chemistry, biology, pharmacy, engineering, medicine, and informa-
tion technology. More studies are still undergoing research as higher throughput and
more predictable data must be obtained before drugs and diagnostics receive approval
for clinical use. Unfortunately, it takes many years to develop safer, more efficient,
and cost-effective drugs. 
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