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OVERVIEW OF PROTEOMICS

1-1 WHAT IS PROTEOMICS?

The term proteomics is derived from a word “proteome” coined by M. Wilkins in 
1995, which indicates “the entire protein complement expressed by a genome, or by 
a cell or tissue type” (1). The proteome is the time- and cell-specifi c protein comple-
ment of the genome, encompassing all proteins expressed in a cell at any given time. 
The study of the proteome, compared to the genome, is much more daunting for 
several reasons; while the genome of the cell is constant, nearly identical for all cells 
of an organ or organism, and consistent across a species, the proteome is extremely 
complex and dynamic as it continuously responds to environmental changes due 
to the presence of other cells, nutritional status, temperature, and drug treatment, 
to name only a few (2). Proteomics, which is a new fi eld of interdisciplinary sci-
ence derived from gene sequencing and classical protein chemistry, deals with the 
proteome; an initial goal of proteomics is the rapid identifi cation of all the proteins 
expressed by a cell or tissue, although it has yet to be achieved for any species. The 
task of identifying and quantifying large scale proteins present in a cell or tissue or 
even an entire organism at a particular time is often referred to as proteome analysis. 
Because the proteome varies from time to time, any analysis of the proteome is a 
“snapshot.” As a result, there is no fi xed proteome. Moreover, the dynamic range of 
protein expression within the proteome complicates study of a proteome; it may vary 
by as much as 7–12 orders of magnitude compared to only fi ve orders of magnitude 
for DNA (3). The number of genes encoded in the genome of a species is limited 
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2 OVERVIEW OF PROTEOMICS

and ranges from a few hundred for bacteria to tens of thousands for mammalian 
species; however, the theoretical number of proteins defi ned by a genome alone is 
large enough that it is a struggle to entirely identify then by proteome analysis using 
technologies currently available. In addition, proteins are composed of 20 distinc-
tive amino acids, each of which has its own chemical and physical characteristics 
including molecular weight (Mr) and isoelectric point (pI), and differ in their amino 
acid sequence and length; thus, they are extremely heterogeneous in chemical and 
physical characteristics. To make matters worse, the number of protein species pro-
duced from a genome is amplifi ed, as the same gene can generate multiple protein 
products that differ as a result of RNA editing and alternative splicing of pre-mRNA, 
and of processing and chemical modifi cations of translated polypeptides (Fig. 1-1). 
The number of proteins, for instance, expressed by the approximately 24,000 human 
genes can be up to 100 times greater due to the known diversity of mRNA processing 
as well as to post-translational modifi cations of proteins (2). The main diffi culty in 
performing proteome analysis lies in these diverse properties of proteins generated 
at post-transcriptional and post-translational levels in addition to the large number of 
proteins encoded by genes assigned in a genome. Thus, it is a formidable challenge 
to develop proteome analysis technologies that can handle simultaneously a huge 
number of proteins with extremely heterogeneous characteristics, and to identify in 
a comprehensive and fl exible manner such extremely diversifi ed proteins.

Proteomics should be distinguished from conventional protein chemistry, which 
deals with mostly “individual proteins” to determine sequence, modifi cation state, 
interaction partner, activity, structure, and so on. Protein chemistry was the 

Fig. 1-1. Complexities of a proteome regulated at transcriptional and translational levels.
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mainstream approach of biological science in the 1970s but decreased in use during 
the fl ourishing era of genetic engineering in the 1980s. Proteomics, however, 
incorporated a number of basic ideas and technologies from conventional protein 
chemistry, and advanced those with new ideas incorporated into postgenomic science 
and emerging technologies to handle proteins on a large scale with small quantities 
and in a systematic way. In other words, protein chemistry has evolved and has been 
reincarnated as proteomics backed by technological advancements mainly in mass 
spectrometry and the accumulation of huge protein sequence data as a consequence 
of the global genomic sequencings of many species, which have catalyzed an 
expansion of the scope of biological studies from reductionist biochemical analysis of 
single proteins to proteome-wide measurements (4). Because proteomics deals with 
huge numbers of proteins in extremely complex mixtures of cells, tissues, and even 
organisms, the technologies used in proteomics have to achieve comprehensive and 
high throughput identifi cation of proteins within an appropriate time.

1-2 ESTABLISHMENT OF PROTEOMICS USING 
MASS SPECTROMETRY

1-2-1 Protein Separations by Two-Dimensional Electrophoresis

The fi rst step of proteome analysis is to separate proteins using high resolution and 
high speed techniques. Conventional protein chemistry had developed methodologies 
that separate proteins with high resolution, such as two-dimensional electrophoresis 
(2DE), and high performance, such as high performance liquid chromatography 
(HPLC). Two-dimensional electrophoresis, which is performed principally based on 
the method described in 1975 by O’Farrell, involves, in the fi rst dimension, a separa-
tion by isoelectric focusing in gel rods containing urea and detergents, and, in the 
second dimension, a perpendicular separation in acrylamide (gradient) slab gels 
containing sodium dodecyl sulfate (SDS) (5). Because denaturing reagents are used 
in both dimensions, the physicochemical characteristics of polypeptides, whose 
secondary and tertiary structures are broken down, distinguish between the proteins; 
namely, proteins are separated fi rst by isoelectric point (pI)(based on electric charge 
of polypeptides), and second by polypeptide length (based on molecular weight of 
polypeptides). Those two properties are not correlated at all; thus, proteins are spread 
effectively over the resulting two-dimensional pattern. The use of denaturing 
conditions in both dimensions is required in order to obtain high resolution and to 
distinguish a single charge difference, especially between two small proteins (but not 
always between large proteins), which may be generated by a single amino acid 
substitution or post-translational modifi cation. [The single charge difference produces 
a much greater shift in the pI of small a protein (or subunit) than a large one (or 
oligomer).] In addition, 2DE can also detect some differences in molecular weight, 
which may be produced by proteolytic cleavage and/or post-translational modifi cation. 
[The molecular weight differences are more easily detected by examination of 
individual polypeptides (of small proteins) rather than assembled oligomers (of large 
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4 OVERVIEW OF PROTEOMICS

proteins) under denatured conditions.] Thus, 2DE is a suitable method to distinguish 
different proteins in a chemical structure, to provide an inventory of the polypeptides 
in a mixture, and to create a protein catalog (5).

Although resolution of 2DE separation is dependent on the dimension of the slab 
gel and the pH gradient used for isoelectric focusing in the fi rst gel rod, a typical 
2DE separates 1000–3000 protein species, which can be detected by protein 
staining with Coomassie blue, silver ion, and fl uorescent dyes, such as SYPRO Ruby 
(6, 7) (Table 1-1). Larger dimension slab gels achieve much better separation and 
can separate over 10,000 protein species on a single gel in some cases, although a 
large amount of sample is required. 2DE has the highest resolution of the available 
technologies used to separate proteins in biological samples to date. Seemingly, a 
staining pattern on a 2DE gel gives a whole view of a proteome (or more correctly 
a subset view of a proteome), but does not necessarily represent the entire set of 
proteins expressed in an analyzed biological sample. A comparison between the two 
different 2DE staining patterns obtained from two or more (related or unrelated) 
biological samples enables us to estimate a change or difference of the proteomes 
in the different biological samples, by comparing independent 2DE gels visualized 
either by conventional staining methods or by 2D-DIGE (two-dimensional differ-
ential image gel electrophoresis). Coomassie blue dye has traditionally been used 
to stain polyacrylamide gels but does not provide the sensitivity needed for visual-
izing low abundance proteins. Silver staining is more sensitive but is not optimal 
for quantitation purposes because of its narrow dynamic range (8). Consequently, 
fl uorescent dyes that are very sensitive and have a large linear dynamic range have 

TABLE 1-1. Typical Description of 2DE and 2D-DIGE

Two-Dimensional Electrophoresis

Apparatus: First dimension IPGphor/Multiphor II/HoeferDALT (Amersham Biosciences)
Dry IPG gels (Immobilin, APB; Bio-Rad)
Second dimension Ettan Dalt (Amersham Biosciences)

Staining method: Coomassie brilliant blue, silver ion, SYPRO ruby (Molecular Probes)
Image scanner: GS710 Imaging densitometry, Molecular Imager FX, FluorS multiimager 

(Bio-Rad)
Image analysis software: Melane3/PDQuest (Bio-Rad), ImageMaster 2D Elite 3.0/

Database 3.0 (Amersham Biosciences)

2D-DIGE, Two-Dimensional Differential Image Gel Electrophoresis

Prelabeling of proteins: CyDye NHS (Cy3 550 nm, Cy5 649 nm)
Minimal dye labels at lysine residue
 (Cy2 � MW 550.59; Cy3 � MW 582.76; Cy5 � MW 580.74)
Saturation dyes at cysteine residue
 (Cy3 � MW 672.85; Cy5 � MW 684.86)
Fluorescence image scanner: 2D ImageMaster, Typhoon (Amersham Bioscience)
 FLA5000 (Fuji Film Co.)
Image analysis software: DeCyder, PDQuest (Bio-Rad)



been developed (9), although the cost of the dyes and the equipment used for visual-
ization in addition to the variability between 2D gels have restricted their use (10). In 
2D-DIGE, two or more pools of proteins are labeled with different fl uorescent dyes 
(11, 12), and the labeled proteins are mixed and separated in the same 2DE gels; thus 
2D-DIGE enables one to compare the differences in protein expression between the 
two samples or among the several samples on a single 2DE gel. Development of the 
immobilized pH gradient as the fi rst-dimensional separation medium of 2DE (in 
which the pH gradient was fi xed within the acrylamide matrix) popularized 2DE as 
a protein separation method for proteome analysis. In addition, the principles used 
for the global, quantitative analysis of gene expressions, such as the use of clustering 
algorithms and multivariate statistics that had been developed in the context of 2DE 
(13, 14), produced various image analyzing apparatus and software for quantitative 
comparison of the 2DE gels and further popularized 2DE as a methodology for pro-
teome analysis (Table 1-1).

1-2-2 Development of the Technologies for Protein Identifi cation

The second step of proteome analysis is to identify proteins separated by tech-
nologies with high resolution power such as 2DE described previously. One of the 
archetypal proteome analyses was that applied to human plasma, where proteins 
were separated by 2DE and identifi ed by a combination of various methods, includ-
ing Western blotting, coelectrophoresis of purifi ed proteins, and Edman sequenc-
ing of a protein extracted from gels (5). Although human plasma had been profi led 
extensively by those analyses in the early 1980s, a large number of antibodies and 
purifi ed proteins were required for Western blotting and coelectrophoresis, respec-
tively. However, it was obvious that those approaches were not suitable for the large 
scale identifi cation of proteins.

Conventional protein chemistry had made great efforts in technological develop-
ment for identifi cation of proteins separated by gels in the 1980s and early 1990s 
(4). Edman sequencing technology, which had been the most common technique to 
determine the amino acid sequence of a purifi ed protein or enzymatically digested 
peptides, was applied to proteins either extracted in solution or blotted onto membrane 
by electroelution from gels and facilitated protein identifi cation on gels. The gas phase 
protein sequencer (based on Edman sequencing technology) improved the sensitivity 
of protein sequencing. However, because the sequence database contained only a part 
of the total protein list, the chance that a particular protein and/or gene sequence was 
already represented in a sequence database was quite low. Therefore, during the 1980s 
and early 1990s, the main purpose of sequencing proteins separated on gels was either 
to synthesize degenerate oligonucleotide primer for cloning of its corresponding gene 
or to link the activity of a purifi ed protein and amino acid sequence (4).

Genomic sequence analyses began to fl ourish and provided entire genomic 
sequences of bacteria in the mid-1990s, and subsequently established sequences for 
a number of other species including human beings by the early 2000s. The data of 
genomic sequences facilitated protein identifi cation with even a partial sequence 
of proteins separated on gels and allowed one to specify the complete sequence of 
proteins (genes) without the need for further experimentation. Thus, the fi rst stage 
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6 OVERVIEW OF PROTEOMICS

of proteomic analysis used Edman sequencing technology to identify proteins sepa-
rated by 2DE. The N-terminal sequence or partial peptide sequence could be used 
for retrieval of the analyzed protein from the protein/gene sequence database; how-
ever, it was not sensitive enough to determine the amino acid sequence of many 
proteins obtained from 2DE gels, and was not applicable to proteins with amino 
terminus (N terminus) blocked by chemical modifi ers, such as acetylate or pyro-
glutamate. Consequently, a number of proteins on 2DE gels remained unidentifi ed 
by adopting Edman sequencing technology. In addition, Edman sequencing was a 
time-consuming technology; thus, it was not suitable for systematic and rapid iden-
tifi cation of proteins. With the normalized sequence database established as a result 
of the completion of a number of genomic sequencing analyses, a rapid methodology 
for protein identifi cation was eagerly awaited.

1-2-3 Protein Identifi cation Based on Gel Separation and Mass Spectrometry

Mass spectrometry (MS) measured precise molecular weight, distinguished closely 
related molecular species, and had been a powerful method for physicochemical 
analysis of small molecules long before protein chemists began to apply MS to the 
determination of protein sequence in the late 1970s. In principle, a mass spectrom-
eter is comprised of an ionization source (which adds charge onto a neutral ana-
lyte or forms an ion) and a mass analyzer (which measures the a mass-to-charge 
ratio, m/z, of a molecule). Thus, the analyte for mass spectrometry has to be ion-
ized before being transferred into the high vacuum chamber of the mass analyzer 
(4). At the earliest stage, protein chemists used fast atom bombardment (FAB) as 
the ionization source and a magnetic sector as the mass analyzer (Fig. 1-2), but 
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Fig. 1-2. Mass spectrometers used for proteomics research. Mass spectrometers are composed 
of two major compartments with different functions: an ion source that generates ions of target 
molecules and a mass analyzer that estimates the mass-to-charge ratio (m/z) of target ions. In 
mass spectrometers for proteomics research that analyze mostly proteins and peptides, an ESI 
or MALDI ion source is most frequently coupled with a triple-stage quadrupole (TSQ), ion-trap 
(IT), time-of-fl ight (ToF), or Fourier transformed ion cyclotron resonance (FT-ICR) mass ana-
lyzer. In some mass spectrometers, multiple mass analyzers are combined in a single instrument 
to perform “tandem mass spectrometry” for structural analysis of target molecules.



had only limited success for very small peptides. Proteins and even peptides were 
very large molecules in standard mass spectrometry and it was diffi cult to form ions 
in a vacuum or at atmospheric pressure without destroying the molecules. There-
fore, protein sequence determination with a mass spectrometer was hampered by 
this inability for a considerable time until new methods for the ionization of large 
molecules were developed. In the late 1980s, two methods—matrix-assisted laser 
desorption ionization (MALDI) (15) and electrospray ionization (ESI) (16)—were 
developed that allowed the ionization of peptides and proteins at high effi ciency and 
without excessive destruction of the molecule.

MALDI is a process that allows desorption of proteins and peptides, achieved 
by short laser pulses fi red at those proteins and peptides that are cocrystallized 
with a matrix on a sample plate, which is held under vacuum (Fig. 1-3A). The 
matrices are chemical compounds that absorb the energy of the laser and promote 

1. Pulse laser
33 ns, 337 nm

molecules fired by laser 
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3. Ionization of 
target molecules

Target
molecules

Matrix molecule
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α-Cyano-4-hydroxycinnamic acid
Sinapinic acid
2,5-Dihydroxybenzoic acid
3-Hydroxypicolinic acid
etc.

2. Excitation of matrix 

(A)

Fig. 1-3. Schematic illustration of (A) matrix-assisted laser desorption ionization (MALDI) 
and (B) electrospray ionization (ESI) of biological molecules for mass spectrometric analysis. 
MALDI is performed by embedding target molecules in an excess of a specifi c wavelength-
absorbing matrix, such as α-cyano-4-hydroxycinnamic acid, which is dried to produce a 
cocrystallized mixture on a metal sample plate. Ions are produced by bombarding the sample 
with short-duration pulses of ultraviolet (UV) light from a nitrogen laser. The interaction of 
the laser pulse with the sample results in ionization, usually protonation, of both matrix and 
target molecule via an energy transfer mechanism from the matrix to the embedded target, 
rather than by direct laser ionization. ESI creates gas-phase ions by applying a potential to a 
fl owing liquid that contains the target and solvent molecules. A fi ne spray of microdroplets 
is generated upon application of a high electric tension (typically ±3–5 kV) through a needle 
chip. Solvent is removed as the droplets enter the mass spectrometer by heat or some other 
form of energy, such as energetic collisions with an inert gas.
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8 OVERVIEW OF PROTEOMICS

ionization of the proteins and peptides. On the other hand, the ESI process is 
achieved by spraying a solution through a charged needle tip at atmospheric pres-
sure toward the inlet of the mass analyzer (Fig. 1-3B). The voltage applied to the 
needle tip results in the formation of ions and the pressure difference results in 
their transfer into the mass analyzer. These ionization methods made it possible to 
determine molecular weights of peptides and proteins in high precision in combi-
nation with mass analyzers (Fig. 1-2).

Although MALDI ion sources are coupled with any of the time-of-fl ight (ToF), 
ToF-ToF, quadrupole, and Fourier transformed ion cyclotron resonance (FT-ICR) 
mass analyzers (Fig. 1-2), MALDI-ToF mass spectrometers (MSs) are often used for 
obtaining single-stage mass spectrometry (MS) spectra that provide mass informa-
tion on all ionizable components in a sample, and determine the masses of proteins 
or peptides with a high degree of accuracy (4). MALDI-ToFMSs are especially suit-
able for determining the masses of various peptides generated by fragmentation of 
an isolated protein with an enzyme of known cleavage specifi city, such as trypsin 
(cleaves at C-terminal side of lysine and arginine) or endopeptidase Lys C (cleaves 
at C-terminal side of only lysine). The collected list of peptide masses is matched to 
those masses calculated from the same proteolytic digestion of each entry in a 
sequence database by database search algorithms (available at http://www/
mann.emble-heidelberg.de/GroupPages/PageLink/peptidesearchpage.html, http://
prospector.ucsf.edu/ucsfhtml4.0/msfi t.html, http://www.matrixscience.com, http://
prowl.rockefeller.edu/, http://us.expasy.org/tools/peptident.html, etc.) that were re-
ported originally by several independent groups in 1993 (17–20). This approach is 
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called the peptide mass fi ngerprinting (PMF) method (Fig. 1-4) and has greatly 
 facilitated the identifi cation of proteins separated by polyacrylamide gel 
 electrophoresis in conjunction with in-gel protease digestion, in which proteolytic 
fragmentation of a protein was performed in a gel piece excised from an electropho-
rized gel (Fig. 1-4B, Protocol 1.1) (21–23). The in-gel protease digestion–PMF 
method using MALDI-ToF was sensitive enough to identify a protein present even 
in a single spot on a 2DE gel stained by silver ion or fl uorescent dye, which is a 
highly sensitive method to detect proteins on a 2DE gel. The PMF method is far less 
time consuming than Edman sequencing; thus, it is now a common approach for 
identifying proteins separated by 2DE. The approach using MS, in which the pro-
tein is fi rst purifi ed and cleaved into peptides, whose relative molecular weight (Mr) 
values are measured by MS and used for protein identifi cation, is often called the 
bottom–up approach (3, 24, 25); an approach where the protein mixture, without 
digestion, is introduced directly into the MS instrument, is separated with high res-
olution, and is dissociated to measure the resulting fragment masses that are matched 

Fig. 1-4. (A) Protein identifi cation by in-gel protease digestion and peptide mass fi ngerprinting. 
In this method, a target protein, such as that separated by two-dimensional electrophoresis, is in-
gel digested with a sequence-specifi c protease, usually trypsin, and the resulting peptide mixture 
is analyzed by mass spectrometry, thus generating a peptide mass fi ngerprint. Experimentally 
determined peptide masses are compared with those obtained theoretically by a search algo-
rithm such as MSFit or Mascot. (See insert for color representation.) (B) A typical experimental 
protocol for in-gel protease digestion of proteins separated by polyacrylamide gel electrophore-
sis. The resulting peptide mixture is analyzed directly on a mass spectrometer with a MALDI 
or ESI ion source.

ESTABLISHMENT OF PROTEOMICS USING MASS SPECTROMETRY 9



10 OVERVIEW OF PROTEOMICS

against protein database is called the top–down approach (see Section 2-2) (26). 
The specifi city of the protease used for in-gel digestion, the number of peptides 
identifi ed from each protein species by mass spectrometry, and the mass accuracy 
of the mass spectrometer are key elements in successful protein identifi cation using 
the PMF approach; thus, the PMF method is applicable only to the identifi cation of 
a single protein or a few proteins separated mostly by gel-based techniques (1DE, 
2DE). When the PMF approach is not suffi cient for identifi cation, peptides can be 
sequenced by tandem MS (MS/MS) with an ESI ion source and the fragmentation 
pattern can be used to identify the protein in a database, even on the basis of one or 
a few peptide sequences.

Although ESI ion sources were originally coupled with a triple-quadrupole or 
ion trap mass analyzer, they can be used in conjunction with most available mass 
analyzers including hybrid type MS/MS analyzers such as quadrupole-ToF and ToF-
ToF MS/MS analyzers (Fig. 1-2). These MS/MS instruments are equipped with a 
mass fi lter that can select a peptide ion from a mixture of peptide ions (or that can 
isolate specifi c ions from a mixture on the basis of their m/z ratio), a collision cell 
in which peptide ions are fragmented in a sequence-dependent manner into a series 
of product ions through collision of the selected precursor ion with a noble gas (in 
a process referred to as collision-induced dissociation—CID), and a second mass 
analyzer that records the fragment ion mass spectrum (Fig. 1-5A) (4). Thus, these 

Fig. 1-4. (Continued)



Fig. 1-5. (A) Protein identification by tandem, or MS/MS, mass spectrometry. In this 
method, individual peptides from a peptide mixture are isolated in the first step in the 
mass spectrometer and fragmented by collision-induced dissociation (CID), that is, by 
collision with an inert gas in a collision cell, during the second step in order to obtain 
the structural information of the peptide. (See pages 12–13 for more detailed informa-
tion) (See insert for color representation). (B) Major fragment ions produced by tandem 
mass spectrometry of polypeptide chain. CID mainly induces the cleavage of peptide 
at peptide bonds and generates a series of fragment ions from the amino or carboxyl 
terminus of the peptides, which are termed “b” or “y” series ions, respectively. (C) 
Sequence tag. In tandem mass spectrometry, a single particular protein can be identi-
fied from the structural information of a single peptide produced by digestion with a 
sequence-specific protease, such as trypsin. The identification is based on the precise 
molecular mass of a particular peptide (mass-1), the internal amino acid sequence, 
which serves as a specific “tag” of the peptide, and the molecular masses of the re-
maining amino and carboxyl terminal portion of the peptides (mass-2 and mass-3). The 
computer algorithm, such as that developed by Mann and Wilm (27), selects a set of 
potential peptides having mass-1 from a database and then specifies one of those by the 
sequence tag and mass-2 and mass-3.

ESTABLISHMENT OF PROTEOMICS USING MASS SPECTROMETRY 11
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instruments are especially suitable to generate an MS/MS spectrum (or CID spec-
trum) that corresponds to the fragment ion spectrum of a specifi c peptide ion and is 
generated in an amino acid sequence-dependent manner (Fig. 1-5B). This is coupled 
to the development of algorithms that can retrieve protein entries from database with 
either the peptide sequence tag assigned from the MS/MS spectrum (Fig. 1-5C) (27) 
or the MS/MS spectrum itself (28–30). The ESI-MS/MS approach has become a 
rapid and reliable method for protein identifi cation. The approach is referred to as 
the sequence tag or MS/MS ion search method and identifi es proteins with a much 
higher specifi city than the PMF method. In addition, ESI-MS/MS can be combined 
with high performance liquid chromatography (HPLC), which separates peptides 
and can supply those continuously to the mass spectrometer. The system is known as 
LC-MS/MS and provides an additional powerful and reliable approach for protein 
identifi cation and is described in Section 2-2-1) in detail.

Most mass spectrometry-based analyses, commonly using Mascot (30) and/or 
SEQUEST (31), identify proteins by searching the databases. Such analyses generate 
datasets that include peptide/protein assignments and variables that yield detailed 

Amino terminus Carboxyl terminus

-N-
H O
C-C

=

R3

H2N-
H O
C-C

=

R1

-N-
H O
C-C

=

R2

-N-
H O
C-C

=

R4

-N-
H O
C-C

=

R5

-N-
H O
C-C-OH

=

R6

y1y2y3y4y5

y series ions

b1 b2 b3 b4 b5

b series ions

(B)

K- -E-I/L-A-I/L-V- K

Mass-1

EI AI V
ELAI V
EI ALV
ELALV

Sequence Tag

Mass-2 Mass-3

(C)

Fig. 1-5. (Continued)



information on protein structure and function. In addition, the resulting datasets 
generally need further evaluation and reorganization, because they often include 
ambiguous peptide identity data and redundant peptide assignments for each protein; 
thus, data processing in proteomics studies is both labor intensive and time con-
suming (32). A number of software packages have been developed to expedite the 
data processing step. Of those, for example, Autoquest (33), SEQUEST SUMMARY 
(31), DTAselect (34), and INTERACT (35) are designed to organize and rearrange 
peptide/protein identifi cation results. These software packages permit rapid data 
processing after identifi cation of proteins by SEQUEST. STEM (STrategic Extrac-
tor for Mascot’s results, available at http://www.sci.metro-u.ac.jp/proteomicslab/), 
on the other hand, is designed to process Mascot search data and is a stand-alone 
computational tool that evaluates, integrates, and compares large datasets produced 
by Mascot (36). Web-based software DBParser is also developed for the analysis of 
large scale data obtained from LC-MS/MS (37). The results obtained by STEM and 
DBParser actively link to the primary mass spectral data and to public online data-
bases such as NCBI, GO, and Swiss-Prot in order to structure contextually specifi c 
reports for biologists and biochemists.

With the rapid advances in protein analytical technologies developed in the early 
1990s, a huge number of protein constituents in a biological sample such as a cell or 
tissue extract separated by 2DE could be identifi ed with much higher sensitivity and 
speed than with the technologies available before the mass-based technologies had 
emerged. Expansion of protein database fueled by the large scale genomic sequenc-
ing of many species made a big push to identify proteins on a large scale by those 
approaches. As described in Section 1-2-1, changes in a subset of the proteome could 
be seen on 2DE gels as different spots after the separation of proteins present in cells 
or tissues, similar to the appearance or disappearance of new mRNA in a differential 
display analysis or using DNA arrays. The PMF and/or MS/MS ion search method 
was immediately applied to the large scale identifi cation of those changed proteins 
on 2DE gels as well as to the identifi cation of the unchanged proteins. Because the 
methodologies based on 2DE and mass spectrometry were so powerful in identifying 
proteins in terms of sensitivity and speed when compared with methods used in con-
ventional protein chemistry, this kind of approach dominated the fi rst generation of 
proteomic studies. In fact, the proteome study involved mostly quantitative compari-
son and mass spectrometry-based identifi cation of proteins separated by 2DE in the 
mid- to late-1990s, and resulted in a number of online 2DE gel-based protein profi l-
ing and catalog databases for various organisms, tissues, and cells, including plasma 
and urine, which had been used for clinical diagnosis (38–42) (http://kr.expasy.org/
ch2d/, http://kr.expasy.org/ch2d/2d-index.html). Intense interest grew in applying 
the approach to develop new biomarkers for diagnosis and early detection of disease; 
this led to the identifi cation of a number of disease-related changes in protein expres-
sion including those associated with heart disease and various cancers (43–51).

Despite the great advancement in large scale protein identifi cation for proteomic 
analysis, the 2DE mass spectrometry-based identifi cation method was realized as a 
rather low throughput approach in that it requires a relatively large amount of protein 
sample, even though all the improvements in highly sensitive detection methods, 
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automated spot cutting and in-gel digestion, automated mass spectrometry analysis, 
and so on had been made. The requirement of a large amount of protein sample was 
particularly problematic for clinical samples since such samples are generally pro-
cured in limited amount (51). In addition, clinical samples contain heterogeneous 
cells (or are mixtures of various types of cells) and thus are extremely complex 
in terms of protein constituents, which makes proteomic analysis much more dif-
fi cult than analysis methods used in basic biology such as bacteria and cultured 
cells. To reduce heterogeneity of clinical samples, various tissue microdissection 
approaches could be used. For example, laser-capture microdissection allows one 
to isolate defi ned cell types from tissues, provides very useful samples for compara-
tive analysis between cells of normal and disease-affected areas, and reduces tissue 
heterogeneity; however, it yields a small amount of proteins, making it diffi cult to 
meet the need for greater amounts for 2DE (47). In addition, 2DE has technical 
limitations on protein separation: that is, 2DE can resolve proteins mostly in the 
pI range of 3 to 11 and in the molecular weight (MW) range of several to 150 kDa. 
The other limitations facing proteomics analysis using 2DE include the inability to 
meet the great dynamic range of protein abundance [that spans an estimated range 
of fi ve to six orders of magnitude for yeast cells (52) and more than ten orders of 
magnitude for human serum (e.g., from interleukin-6 at ∼2 pg/mL to albumin at 
50 mg/mL)] (53) and the extent of hydrophobicity and post-translational modifi ca-
tions, even though they are not restricted to the 2DE-based approach. Despite the 
fact that 2DE is the highest resolving protein separation method known, it was also 
realized to not always be complete; the incidence of comigrating proteins is rather 
high (54). Because quantifi cation in 2DE relies on the assumption that one protein 
is present in each spot, comigration jeopardizes comparative quantifi cation analysis 
with 2DE. Furthermore, when unfractionated cell lysates were separated by 2DE, 
only a subset of a cellular proteome was visualized with available protein staining 
methods (4). Allowing that there are a number of limitations, however, it is certain 
that the 2DE mass spectrometry-based methodology has revolutionized the protein 
identifi cation strategy and changed ways of thinking in the fi elds of protein chem-
istry and biology.

As an estimate of all the constituents in a proteome of a single cell, a global 
analysis of protein expression has been done by using the yeast cell fusin library, 
where each open reading frame is tagged with a high affi nity epitope and expressed 
from its natural chromosomal location (http://www.yeastgenome.org/chromosome-
updates/start_changes.shtml) (55). A census of proteins expressed during log-phase 
growth and measurements of their absolute levels through immunodetection of the 
common tag suggested that about 80% of the proteome is expressed during normal 
growth conditions, and that the abundance of proteins ranges from fewer than 50 to 
more than 106 molecules per cell (http://yeastgfp.ucsf.edu/). This experiment aug-
ments efforts to view the proteome using MS-based protein identifi cation technolo-
gies and provides a comprehensive and sensitive view of the expressed proteome 
in a eukaryotic cell (56). This estimate can also be used to validate the capability 
of the developed proteomics techniques, including MS-based protein identifi cation 
methods.



1-3 STRATEGIES FOR CHARACTERIZING PROTEOMES 
AND UNDERSTANDING PROTEOME FUNCTION

One of the main purposes of proteomic biology is to identify particular members of 
proteomes that participate in specifi c biological processes, to assign a function to 
each, and to devise strategies for their selective modulation (57). However, it was 
realized that just a description of protein components and the abundance of a 
proteome did not meet the requirements for reaching that goal. Backed by the 
development of powerful proteomics technologies typically using gel-based mass 
spectrometry, new strategies for characterizing functional aspects of proteomes 
began to take shape. One pioneering work adopting such new strategy is the 
systematic identifi cation of in vivo substrates of the chaperonin GroEL by using 
2DE and mass spectrometry (58). GroEL has an essential role in mediating protein 
folding in the cytosol of Escherichia coli and is involved in the folding of ∼10% of 
newly translated polypeptides in vivo, while it interacts in vitro with almost any 
nonnative model proteins. Thus, GroEL has an obvious preference for a subset of E. 
coli proteins in vivo; however, only a few proteins constituting the subset were 
known. In a proteomic approach to elucidate the in vivo substrate of GroEL, the 
newly synthesized substrates of GroEL were isolated by large scale immunopre-
cipitation with anti-GroEL antibodies in the presence of EDTA, which prevents the 
ATP-dependent release of protein substrates from GroEL. The study also analyzed 
the structurally unstable substrates of GroEL that were generated by heat shock and 
were also prepared by the same immunoprecipitation method. The PMF method 
using MALDI-ToF was applied to the analysis of the immunoprecipitated substrates 
after the separation by 2DE (fi rst dimension, 13 cm Immobiline DryStrip pI 4–7L; 
second dimension, 11 cm SDS-PAGE gel MW 5–110 kDa) and the staining with 
Coomassie blue (58, 59). The analysis revealed that GroEL interacts strongly with a 
well-defi ned set of about 300 newly translated polypeptides out of 2500 polypep-
tides in the cytosol of E. coli, of which about one-third are structurally unstable and 
return to GroEL for conformational maintenance. Interestingly, GroEL substrates 
consisted preferentially of two or more domains with αβ folds, which contain 
α helices and buried β sheets with extensive hydrophobic surfaces. Because those 
proteins were expected to fold slowly and be prone to aggregate, the hydrophobic 
binding regions of GroEL are well adapted to interact with the nonnative states of 
αβ-domain proteins. Thus, the systematic analysis of GroEL substrate using 2DE 
gel mass spectrometry and database comparisons successfully highlighted the key 
structural features that determine the interacting proteins’ need for chaperonins 
during protein folding in vivo (58).

This work provides examples of unique strategies for identifying proteins associ-
ated with a particular biological activity, thereby taking a step toward functional 
identifi cation of a proteome. Thus, two main types of strategies in proteomics (that 
have complementary objectives to each other) have been formed so far: one is the 
global characterization of protein expression that is referred to as expression 
proteomics, descriptive proteomics, or cataloging proteomics (61, 62), and another 
is the characterization of proteome function that is referred to as functional 
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proteomics or focused proteomics (Table 1-2) (3, 63). As described in the Section 
1-2-3, large scale efforts to measure protein expression have typically relied on 2DE 
mass spectrometry-based methods and LC-MS/MS-based methods described in 
later sections, which are capable of simultaneously evaluating the relative abun-
dance and permitting the identifi cation of new proteins associated with discrete 
physiological and/or pathological states. By focusing on measurements of protein 
abundance, however, expression proteomics (descriptive or cataloging proteomics) 
provides only an indirect assessment of protein function and may fail to detect 
important post-translational forms of protein regulation, such as those mediated by 
enzymatic activities and protein–protein and/or protein–biomolecule interactions 
(64, 65).

To expedite the analysis of post-translational forms of protein regulation, 
focused proteomics and/or functional proteomics have formed subdivided strategies 
(66, 67), which analyze a limited subset of a proteome with common features 
including a particular post-translational modifi cation, an enzymatic activity, a 
specifi c cellular localization, and the functional relationship among proteins in an 
identifi ed protein cluster. Those strategies also intended to fi ll the gaps between the 
ideal proteome analysis that completely characterizes the entire proteome and the 
inability to characterize it due to the current technological limitations (60, 68). The 
subdivided strategies for functional or focused proteomics are modifi cation-specifi c 
proteomics that focuses on mapping post-translational modifi cations (69, 70), and 
activity-based protein profi ling (ABP), in which a chemical probe is used to label 
and isolate an enzyme from a complex mixture and allows searching substrates of 
a specifi c enzyme and/or each of mechanistically distinct enzyme class (64, 
71–73). Those strategies also include subcellular (organelle) proteomics that 
focuses on mapping proteomes of subcellular structure or organelles (74–76), 
machinery (complex interaction) proteomics that focuses on mapping functional 
multiprotein complexes, cellular machinery, and interactions (interactomes) 
(77–83), and dynamic proteomics that deals with the need to monitor protein-
redistribution events (Table 1-2) (75, 84–87). The development of various new 
strategies is also ongoing (88). Those subdivided strategies are well designed for 
attacking proteome functions from a broad point of view of post-translational 
forms of protein regulation as follows.

TABLE 1-2. Strategies for Quantitative Proteomics

Expression proteomics (descriptive proteomics)
 Disease (Clinical) proteomics
Functional proteomics (focused proteomics)
 Modifi cation-specifi c proteomics
 Activity-based protein profi ling/enzyme substrate proteomics
 Subcellular (organelle) proteomics
 Machinery or complex (interaction) proteomics
 Dynamic proteomics



1-3-1 Modifi cation-Specifi c Proteomics

Post-translational modifi cations (PTMs) of proteins are covalent processing events 
that change the properties of a protein by proteolytic cleavage or by addition of a 
modifying group to one or more amino acids, and can determine its activity state, 
localizations, turnover, and interactions with other proteins (69). Many vital cellular 
processes are governed not only by the relative abundance of proteins but also by 
these PTMs. However, the full extent and functional importance of protein modi-
fi cations in the working cell are not well understood because of a lack of suitable 
methods for their large scale study. At least 200 different PTMs are known (http://
en.wikipedia.org/wiki/Posttranslational_modifi cation) (89); the best characterized 
PTMs in eukaryotes are phosphorylation and glycosylation, but other common PTMs 
include acetylation, methylation, ubiquitination, and sumoylation (Table 1-3). A sin-
gle protein can be modifi ed not only at multiple sites within the molecule but also in 
various combinations of those PTMs. In addition, protein modifi cations at given sites 
are typically not homogeneous; a specifi c modifi cation may occur only partially at a 
given site of the protein. The amount of protein in a single modifi cation state can thus 
be a very small fraction of the total amount of the whole population of the protein; 
thus, the specifi cation of a PTM at a given site requires in general a large amount of 
the protein. Furthermore, a single gene can give rise to a number of gene products as 
a result of alternative splicing. All of those contribute to the extreme complexity of 
an entire proteome and cause diffi culty in characterizing even a specifi c type of PTM 
on the proteomic scale.

Many techniques for mapping PTMs had been developed in classical protein 
chemistry and are now being examined for their applicability with new ideas and 
technologies on the proteomic scale. Those efforts are called modifi cation-specifi c 
proteomics and have now been reported for a number of different PTMs and, espe-
cially in phosphorylation and glycosylation analyses, are beginning to yield results 
for proteomic-wide PTM analysis (Table 1-3) (69, 90). In an early stage of modifi ca-
tion-specifi c proteomics, 2D-PAGE was used as the fi rst choice for mapping PTMs. 
2D-PAGE has the highest resolution of the known protein-separation methods and 
has suffi cient resolution to separate modifi cation states of a protein in some cases. 
For example, modifi cations that cause changes of protein charge, such as phosphory-
lation and glycosylation, result in the horizontal shift of protein spots and may be 
detected on 2D-PAGE gels. The same modifi cation may also result in a change of 
molecular weight, depending on the molecular weights of the modifi ed functional 
groups. However, the mobility changes on 2D-PAGE gels alone specify neither the 
protein nor the type of modifi cation. Because MS measures mass-to-charge ratio 
(m/z), yielding the molecular weight and fragmentation pattern of peptide derived 
from proteins, it represents a general method for all modifi cations that change the 
molecular weight (69). Thus, in modifi cation-specifi c proteomics, MS methods are 
used in conjunction with the methods for protein separation as common technologies 
to identify proteins, the type of PTM, and/or the specifi c sites of the modifi cation in 
proteins (Table 1-3). Although 2D-PAGE is one choice for detecting PTM of proteins 
in combination with detection methods such as Western blotting, chemical labeling, 
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30 OVERVIEW OF PROTEOMICS

or in vivo isotope labeling specifi c to a certain PTM, affi nity-based isolation meth-
ods with specifi c antibodies or with chemical reagents that specifi cally react to a cer-
tain PTM site of the amino acid residues are often adopted to collect or concentrate 
proteins with a specifi c type of PTM (Fig. 1-6).

The earliest works on modifi cation-specifi c proteomics using chemical reagents 
are those for selectively modifying phosphoproteins within complex mixtures (91). 

Fig. 1-6. Chemical approaches to post-translational proteomics, illustrating methods for ana-
lyzing protein phosphorylation in a complex biological mixture. The base-catalyzed phosphate 
elimination method (left fl owchart) and the phosphoramidate modifi cation method (right fl ow-
chart) are outlined. TFA, trifl uoroacetic acid; tBOC, tert-butoxycarbonyl; DTT, dithiothreitol; 
EDC, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride. [From G. C. Adam, E. 
J. Sorensen, and B. F. Cravatt, Mol. Cell. Proteomics (Ref. 64) (2003). Copyright (2003) by 
American Society for Biochemistry and Molecular Biology, Inc. Reproduced with permission of 
the ASBMB via the Copyright Clearance Center.]
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In those approaches, modifi ed peptides are enriched by covalent or high affi nity 
avidin–biotin coupling to immobilized beads, allowing stringent washing to remove 
nonphosphorylated peptides. One method begins with a proteolytic digest, which 
was alkylated after reduction to eliminate reactivity from cysteine (92). After pro-
tection of N and C termini, phosphoramidate adducts at phosphorylated residues are 
formed by carbodiimide condensation with cystamine. The free sulfhydryl groups 
produced from this step are captured covalently onto glass beads coupled to iodo-
acetic acid, are cleaved off with trifl uoroacetic acid, and are eluted from the beds. 
MS analyzes the regenerated phosphopeptides. On the other hand, another method 
starts with a protein mixture in which cysteine is oxidized with performic acid (93). 
β-Elimination of phosphate from phosphoserine and phosphothreonine is induced 
by base hydrolysis, and the resulting alkenes are modifi ed by ethandithiol to produce 
free sulfhydryls that allow coupling to biotin. The biotinylated phosphoproteins are 
then captured with avidin-affi nity beads, eluted, and digested with trypsin. The pep-
tides are again captured with avidin beads, washed, and eluted for MS analysis.

Currently, many works adopting affi nity-based isolation methods and/or isotope-
labeling methods in conjunction with MS-based protein identifi cation methods have 
been reported for PTMs other than phosphorylation. Each approach is well designed 
for adapting to each specifi c character of the PTM. Those are summarized in Table 1-3. 
Because of importance of PTMs, the details of some approaches including experimen-
tal protocols for modifi cation-specifi c proteomics will be described in Section 2-2.

1-3-2 Activity-Based Protein Profi ling/ Enzyme Substrate Proteomics

Activity-based profi ling (ABP) provides a strategy for identifying proteins associated 
with a particular biological activity—typically enzymatic activity (57)—and utilizes 
synthetic chemistry to create tools and assays for the characterization of protein samples 
of high complexity (64). The ABP strategy simplifi es a complex biological mixture of 
proteins before analysis by labeling a specifi c set of related proteins with an affi nity or 
fl uorescence tag (Fig. 1-7), and thus includes the development of chemical affi nity tags to 
react to the active site of enzymes and, in certain cases, to measure the relative expression 
level and PTM state of proteins in cell and tissue proteomes. This strategy, in a certain 
sense, may share some of the approaches with those of modifi cation-specifi c proteomics 
(described in Section 1-3-1) and quantitative proteomics (which permits the quantitative 
comparison of proteins and allows monitoring of dynamics in protein function in com-
plex proteomes; this strategy, typically using ICAT reagents, is described in Chapter 2). 
Many of those approaches (not restricted to ABP) interface well-established approaches 
in molecular biology or cell biology with proteomics. As a common theme, but in con-
trast to classic cell biological or biochemical research, the approaches are all designed to 
allow systematic screening of proteins in a defi ned experimental paradigm (75).

In the original version of ABP, fl uorophosphonates (known to be specifi c 
covalent inactivators of serine proteases) were linked to biotin. In this strategy, a 
fl uorophosphonate irreversibly phosphonylates the active-site serine only in those 
proteases that are catalytically active, thereby attaching a biotin moiety that could 
be affi nity captured with avidin. Biotin can be substituted by a fl uorophore to detect 
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and increase the sensitivity of the initial screening step. Isolation of the tagged 
serine proteases followed by MS analysis allows the identifi cation of active serine 
proteases. Thus, the approach for identifying functional proteins is expected to be 
specifi c for identifying members of the serine protease family (57). Principally, the 
same approach as this can be applied to the identifi cation of many other functional 
families of enzymes. In fact, many ABP probes have been designed for isolating other 
functional families of enzymes, including cysteine proteases (94), ubiquitin-specifi c 
protease (95), threonine proteases, metalloproteases, protein phosphatases, kinases, 
glucosidase, exoglycosidases, and transglutaminases (Table 1-4). In some cases, well-
known inhibitors were exploited to direct probe reactivity toward a specifi c class of 
enzyme and the designed probes have been shown to label selectively active enzymes, 
but not their inactive precursor (e.g., zymogen) or inhibitor-bound forms (71, 96, 
97). Active sites of enzymes invariably contain nucleophilic groups (that participate 
in diverse reactions such as acids, bases, or nucleophiles) and the environments of 
groups (that are involved in catalysis); in some other cases, the ABP probes are also 
designed as nonspecifi c electrophiles and are directed to react over a much wider range 

Fig. 1-7. Chemical approaches to activity-based protein profi ling (ABP). (A) General 
structure of activity-based probes and (B) some probes directed toward specifi c classes of 
enzymes. ABP probes label the active sites of target enzymes. NU, nucleophilic amino acid 
residue; RG, reactive group; L, linker; TAG, detection and/or affi nity tag. [From G. C. Adam, 
E. J. Sorensen, and B. F. Cravatt, Mol. Cell. Proteomics (Ref. 64) (2003). Copyright (2003) 
by American Society for Biochemistry and Molecular Biology, Inc. Reproduced with permis-
sion of the ASBMB via the Copyright Clearance Center.]
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of mechanistically distinct enzyme classes. The ABP probes directed for enzymes 
may be generalized as typically possessing three elements (Fig. 1-7): (1) a binding 
group that promotes interactions with the active sites of specifi c classes of enzymes; 
(2) a reactive (electrophilic) group that covalently labels those active sites (shown as 
“binding and reactive group” in Table 1-4); and (3) a reporter group (e.g., fl uorophore 
or biotin) for the visualization or affi nity purifi cation of probe-labeled enzymes 
(shown as “affi nity tag/reporter” in Table 1-4) (98). Multiple enzyme families can be 
attracted to the same electrophilic group; thus, some ABP probes allow the facilitated 
identifi cation of large numbers of functional proteins in a particular proteome (57). By 
varying the electrophilic group used for the APB probe, different functional families 
of enzymes may be targeted. Thus, the ABP strategy analyzes proteomes based on 
functional properties such as enzymatic activity rather than expression level alone, 
and provides exceptional access to low abundance proteins in complex proteomes by 
concentrating specifi c families of enzymes with ABP probes (97).

As an extension of this strategy, the development of a new approach that uti-
lizes rhodamine-based fl uorogenic substrates encoded with PNA (protein nucleic 
acid) tags is a challenging attempt. The PNA tags have two arms: one is made of a 
chemical affi nity tag similar to that used for ABP, and another is made of a defi ned 
oligonucleotide which assigns each of the substrates that interacts with the chemical 
affi nity arm to a predefi ned location on an oligonucleotide microarray through 
 hybridization with the nucleic acid arm of the PNA tag, thus allowing the decon-
volution of multiple signals from a solution (99). The PNA tag approach may thus 
provide an additional strategy for analyzing the functional aspects of proteomes.

1-3-3 Subcellular (Organellar) Proteomics

Eukaryotic cells are compartmentalized to provide distinct and suitable environ-
ments for biochemical processes such as protein synthesis and degradation, storage 
of genetic materials, ribosome production, provision of energy-rich metabolites, pro-
tein glycosylation, DNA replication, and transcription. Accordingly, the compart-
mentalized structure of a cell is supported by subsets of proteins that are specifi -
cally targeted to particular subcellular structures. Although subcellular structures 
and organelles are thought to be discrete entities carrying out independent cellu-
lar functions, there are complex mechanisms of intracellular communication and 
contact sites between the organelles. Some proteins are associated with subcellular 
structures only in certain physiological states, but localized elsewhere in the cell in 
other states (100); among the possible mechanisms that underlie such conditional 
association are the protein translocation between different compartments, cycling 
of proteins between the cell surface and intracellular pools, or shuttling between 
nucleoplasm and cytoplasm. Thus, protein localization is linked to cellular function 
and introduces an additional strategy for proteomics at subcellular levels (75).

The strategy of cellular compartmentalization is to enrich for particular subcel-
lular structures or organelles by subcellular fractionation with classic biochemical 
fractionation techniques (such as centrifugation), and to map comprehensively the 
proteome of these structures by an MS-based protein identifi cation method typically 
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42 OVERVIEW OF PROTEOMICS

after electrophoresis-based separation or by the shotgun analysis described in Chapter 
2 (see the Section 2-1) (Fig. 1-8) (75). Among the key potentials of this strategy is the 
capability not only to screen for previously unknown gene products but also to assign 
them, along with other known but poorly characterized gene products, to particular 
subcellular structures. This strategy is called subcellular proteomics (75) or organel-
lar proteomics (74). Subcellular structures targeted by this strategy include not only 
entire organelles (such as the nucleus and mitochondria) but also nonorganelle struc-
tures (such as the postsynaptic density and raft), which can be isolated by traditional 
subcellular fractionation typically using sucrose density-gradient ultracentrifugation, 
and comprise a focused set of proteins that fulfi ll discrete but varied cellular functions. 
Subcellular proteomics or organellar proteomics ranges in scope to include cataloging 
studies that test the ability of a method to identify as many unique proteins as possible, 
in particular, unknown low abundance proteins specifi c to a particular organelle (74). 
The comprehensive identifi cation of the proteins present in a prepared organelle by MS-
based methods may reveal true components of the structure investigated at the level of 
the endogenous gene products, but will also yield a certain amount of false-positives, 
depending on the degree of impurities derived from other subcellular structures present 
in the preparation. Those false-positives make it hard to evaluate the biological signifi -
cance of proteins that are usually associated with one organelle but are detected in the 

Fig. 1-8. Biochemical and genetic protocols for the isolation of subcellular structure or organelle 
used in subcellular (organellar) proteomics. The isolated cellular compartments are studied in 
terms of the protein composition and function. [Adopted by permission from Macmillan Pub-
lishers Ltd.; B. Westermann and W. Neupert, Nat. Biotechnol., 21:239–240 (2003).]



proteome of another organelle. Although these proteins could be artifacts of subcellular 
fractionation procedures, they might also be biologically signifi cant (74). Therefore, 
cell biological methods (such as immunocytochemical analysis and fl uorescence tag 
analysis) as well as sequence analyses by bioinformatics tools are often required to vali-
date the MS-based identifi cations (Fig. 1-8) (76). It should be noted that an innovative 
method called protein correlation profi ling (PCP) was introduced to address this prob-
lem in the study of the human centrosome (101). In the PCP method, mass spectromet-
ric intensity profi les from centrosomal marker proteins are used to defi ne a consensus 
profi le through a density centrifugation gradient, in direct analogy to Western blotting 
profi ling of gradient fractions. Distribution curves generated from the intensities of tens 
of thousands of peptides from consecutive fractions established centrosomal proteins 
by their similarity to the consensus profi le using mean squared deviation (χ2 value) 
(102). When combined with those validation methods (103), the strategy of subcellular 
(organellar) proteomics allows not only assigning known proteins but also identify-
ing previously unknown gene products in particularly defi ned subcellular (organellar) 
structures, and contributes signifi cantly to the functional annotation of the products of a 
genome. Thus, subcellular structures (organelles) represent attractive targets for global 
proteome analysis because they represent discrete functional units; their complexity in 
protein composition is reduced relative to whole cells and lower abundance proteins 
specifi c to the organelle are revealed (74). In addition, the analysis at the subcellular 
level is a prerequisite for the detection of important regulatory events such as protein 
translocation in comparative studies (75). The approach has been applied to a number of 
subcellular structures, including plasma membrane, nucleus, nucleolus, interchromatin 
granule clusters, nuclear (inner, outer) membranes, centrosome, midbody, endoplasmic 
reticulum (microsomes), Golgi apparatus, clathrin-coated vesicles, lysosome, peroxi-
somes, phagosome, mitochondrion, chloroplast (plant), and to nonorganelles including 
synaptosome (postsynaptic density) and raft (74, 75, 104–111). The largest protein col-
lection of subcellular localization obtained by a single study is so far that from mouse 
liver cells. The study localized 1404 proteins to ten cellular compartments including 
early endosomes, recycling endosomes, and proteasome (protein lists are available at 
http://proteome.biochem.mpg.de/ormd.htm) by using PCP introduced in the analysis of 
the centrosome in conjunction with other validation methods such as enzymatic assays, 
marker protein profi les, and confocal microscopy (102).

As a complementary approach to the biochemical protocols described earlier, a 
comprehensive gene expression approach in yeast has been developed (Fig. 1-8). It 
relies on the systematic cloning of open reading frames (ORFs) for subsequent 
expression or generation of genomic sets of strains expressing tagged proteins suitable 
for detecting cellular localization. The initial stage of proteomic scale analysis of 
protein localization involved a description of the cellular localization of almost half 
of the yeast proteins using plasmid-based overexpression of epitope-tagged proteins 
and genome-wide transposon mutagenesis for high throughput immunolocalization 
of tagged gene products (see Saccharomyces Genome Database, http://www.yeastge-
nome.org/) (56, 112). This approach, however, led sometimes to mislocalization of 
proteins, because of their overexpression, that was not responsive to normal regulatory 
circuitry. In the second-stage proteomic scale analysis, therefore, each yeast ORF is 
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fused with an affi nity (TAP tag, tandem affi nity purifi cation tag) or fl uorescent (GFP, 
green fl uorescent protein) tag at the carboxyl (C) terminus, inserted on the predicted 
yeast ORF on the budding yeast genome by homologous recombination strategy, and 
is expressed from its native promoter in its endogenous chromosomal location respon-
sive to normal regulatory circuitry (56, 113). To validate known localization, colocal-
ization experiments are done using monomeric red fl uorescent protein (RFP) fused to 
proteins whose cellular localization was established. This second-stage proteomic 
scale analysis for cellular localization has categorized about 4500 ORFs out of over 
6000 strains with GFP-tagged ORFs into 22 distinguishable subcellular localization 
(organelle) patterns; they include cytoplasm, nucleus, mitochondrion, endoplasmic 
reticulum (ER), nucleolus, vacuole, cell periphery, punctate speckle, bud neck, spindle 
pole, vacuolar membrane, nuclear periphery, early Golgi/COPI, endosome, bud, late 
Golgi clathrin, Golgi, cytoskeleton, lipid particle, peroxisome, microtubules, and ER 
to Golgi (113). This genomic-scale information of protein localization in budding 
yeast enables us to make a comparison with that obtained for other species and allows 
us to assess functional conservation at subcellular levels among evolutionally differ-
ent species. The best information available for subcellular structures other than that 
for yeast is that for the nucleolus of human HeLa cells. The comparison of the protein 
composition of yeast nucleolus with that of human HeLa cells indicates that out of the 
142 yeast nucleolar proteins that have at least one human homolog, 124 are found in 
the human nucleolar proteome (87%). The data indicate that approximately 90% of 
the yeast nucleolar proteins with human homologs are also nucleolar components in 
HeLa cells and that the nucleolus is highly conserved throughout the eukaryotic 
kingdom (84). Thus, the genetic tractability of yeast allows a large fraction of yeast 
ORFs to be tagged for localization studies; however, such an approach is more 
challenging in mammalian systems due, in part, to artifacts from overexpression and 
to diffi culty in constructing gene expression system from its native promoter in its 
endogenous chromosomal location (114).

All the localization information obtained for yeast is available at a public database 
(http://yeastgfp.ucsf.edu; see Saccharomyces Genome Database, http://www.yeast-
genome.org/) and is useful for further analysis with yeast cells and for comparative 
localization analysis of the other species, although proteins with crucial C-terminal 
targeting signals are often mislocalized in this analysis and new fusions will have 
to be constructed to get an accurate view of the subcellular location of this group of 
proteins. Localization information is integrated into different functional genomics 
datasets and it will be challenging to formulate biological hypotheses, such as those 
regarding correlation of colocalization with transcriptional coexpression (obtained 
by microarray analysis) and the relationship between colocalization and physical 
or genetic interaction. [The relative enrichment for colocalization was assessed for 
the combination of protein–protein or genetic interactions in the GRID database 
(http://biodata.mshri.on.ca/grid) (56).] Thus, the challenge of global subcellular 
(organellar) proteomics is to provide a functional context for proteins by associating 
them with a distinct group of proteins in defi ned intracellular environments and is 
extremely useful for the integration of information obtained from analyses done in 
other proteomic strategies as well as in different functional genomics (74).



1-3-4 Machinery or Complex Interaction Proteomics

Multiprotein complexes are among the fundamental units of macromolecular orga-
nization and thus are key molecular entities that integrate multiple gene products to 
perform cellular functions (81). In fact, many multiprotein complexes constitute mo-
lecular machineries, such as transcription and RNA processing machinery,  nuclear 
pore complex, preribosomal ribonucleoprotein (pre-rRNP) complex, ribosome, pro-
teasome, and receptor–signal transduction complexes. They carry out and regulate 
important cell mechanisms such as transcription and RNA processing, membrane 
transport, ribosome synthesis, protein synthesis and degradation, and receptor– signal 
transduction. They require precise organization of molecules in time and space, are 
thought to assemble in a particular order, and often require energy-driven confor-
mational changes, specifi c post-translational modifi cations, or chaperone assistance 
for proper formation. Their composition may also vary according to cellular require-
ments (81). Because of the diffi culties of conventional protein chemical technologies 
in analyzing such cellular machineries or multiprotein complexes with multicom-
ponents, most multiprotein complexes remain only partially characterized. Thus, 
an additional strategy for proteomics can be introduced at the levels of multiprotein 
complex and cellular machineries. We would like to call this strategy machinery 
proteomics or complex (interaction) proteomics.

Some of the multiprotein complexes (molecular machineries) can be prepared by 
subcellular fractionation methods using ultracentrifugation, which are often used to 
prepare subcellular structures or organelles as described in Section 1-3-3 [e.g., nuclear 
pore complex, anaphase-promoting complex, preribosomal ribonucleoprotein (pre-
rRNP) complexes] (110, 111, 115, 116) or reconstituted from subcellular extracts 
(e.g., spliceosome) (108, 117). They can also be prepared by pull-down analyses, 
such as affi nity purifi cation (using epitope tag, tandem affi nity purifi cation tag, 
antibodies, etc.) as exemplifi ed for spliceosome (117, 118) and pre-rRNP complexes 
(119–121) (see the Section 3-2-1). Once pure complexes or interacting partners are 
obtained, MS-based technologies allow identifying their components at subfemtomole 
levels on a large scale and with high throughput performance. Machinery proteomics 
or complex (interaction) proteomics often starts with an initial hypothesis to draft a 
design for particular known cellular machinery or to identify interaction partners of 
a particular known protein. It especially allows one to assign protein constituents 
with unknown function as the constituents of functionally defi ned cellular machinery. 
For instance, the constituents of the nuclear pore complex are expected to perform 
events related to nuclear transport, those of the preribosome perform events related 
to ribosome synthesis, or those of the spliceosome perform events related to mRNA 
splicing. Identifi cation of unknown constituents in known machineries or of known 
interaction partners for a protein with unknown function may lead to the specifi cation 
of function for the unknown protein. In addition, the strategy allows one to catalog 
data of known constituents. Thus, analysis of protein complexes or cellular 
machineries is one of the most useful strategies for directly assigning protein func-
tion and for annotating protein products of the genome in terms of biological activity 
of each protein product.
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Currently, two groups, the Cellzome Corporation in Germany (82) and the 
University of Toronto in Canada (122), took the TAP-tag approach for genome-wide 
screening for complexes in an organism, the budding yeast. They are particular about 
endogenous expression of TAP-tagged bait proteins from their natural chromosomal 
locations; Saccharomyces cerevisiae strains are generated with in-frame insertions 
of TAP tags individually introduced by homologous recombination at the 3� end of 
each predicted open reading frame (ORF) (http:// www.yeastgenome.org/) (55, 123). 
This construction of TAP-tagged protein ORFs ensures expression from its native 
promoter in its endogenous chromosomal location responsive to normal regulatory 
circuitry; thus, the formed protein complex is expected to be equal to its endogenous 
counterpart unless TAP tag itself has any effect on this complex formation in vivo. 
The group performed tandem affi nity purifi cation repeatedly for over 4500 different 
tagged proteins of the yeast; the majority of the protein complexes were purifi ed at 
least several times, and the group characterized the composition and organization of 
the multiprotein complex/cellular machinery based on the huge dataset obtained and 
based on available data on expression, localization, function, evolutionary conserva-
tion, protein structure, and binary interactions. They propose that the ensemble of 
cellular proteins partitions into 491–547 complexes, of which about half are novel, 
and differentially combine with additional attachment proteins or protein modules 
to enable a diversifi cation of potential functions. The detailed data is available on-
line (the BioGRID database, http://thebiogrid.org; the ntAct database, http://www.
ebi.ac.uk/intact/; the MS protein identifi cations, http://yeastcomplexes.embl.de; 
 Euroscarf, http://web.uni-frankfurt.de/fb15/mikro/euroscarf/col_index.html) and is 
useful for future studies on individual proteins, biological data integration, and mod-
eling and thus for functional genomics and systems biology. Genomic scale analysis 
of machinery or complex (interaction) proteomics has not been reported yet for any 
species other than yeast; however, at least one group in Japan has been taking an epit-
ope-tag approach for genome-wide screening of multiprotein complexes in humans.

1-3-5 Dynamic Proteomics

Multiprotein complex modules require precise organization of molecules in time and 
space, are assembled in a particular order, and vary their composition according to 
cellular requirements as described in Section 1-3-4. The primary goal of proteomics 
is to describe not only the composition and connection but also the dynamics of the 
multiprotein modules and ideally of the entire proteome (124). The approaches using 
affi nity purifi cation and MS methods allow for isolation of almost any multiprotein 
complex formed in the cell and for the detection of many constituents of complexes in 
a fraction, and allow one to determine the connection between multiprotein modules 
on the genomic scale. The approaches enable us to probe specifi c states of multipro-
tein complexes and the network formed in some biological states by collating lists of 
identifi ed proteins (profi ling or cataloging analysis), or to distinguish some different 
states by enumerating differences in protein composition among the corresponding 
complexes obtained from different cell states (subtractive analysis). However, the 
approaches cannot tell us anything about the extent of those differences, when those 



differences are caused, or how long they take to happen; thus, it remains diffi cult to 
analyze the dynamic aspect of multiprotein complexes (machineries) and even more 
diffi cult to analyze the dynamic aspect of the much higher-ordered organization of 
multiprotein modules (i.e., subcellular structure or organelle). To analyze the dy-
namic aspect, quantitative changes in protein complex abundance and composition 
of protein complexes/subcellular structures formed during physiological alteration 
in the cell have to be determined (quantitative analysis). We would like to propose 
a strategy for analyzing the dynamic aspect of multiprotein modules, subcellular 
structures, or ideally the entire proteome and call that strate dynamic proteomics.

One approach used for this strategy is direct visual comparison of proteins pres-
ent in the isolated protein complex or subcellular structure after protein staining on 
electrophoresis gels among different samples, followed by MS-based protein iden-
tifi cation. The approach was successfully used to analyze, for example, remodeling 
of small nuclear ribonucleoprotein (snRNP) complexes during catalytic activation of 
the spliceosome, which removes introns from mRNA precursors (125). In this ex-
ample, human 45S activated spliceosomes and a previously unknown 35S U5 snRNP 
were isolated by tobramycin-affi nity selection (118) and characterized by gel-based 
mass spectrometry. Subtractive comparison of their protein components with those 
of other snRNP and spliceosomal complexes revealed dynamic changes of proteins 
that participated in the remodeling of splicing machinery during spliceosome acti-
vation (125). A similar approach was also applied to the analysis of reorganization 
of the entire human nucleolus upon transcriptional inhibition with actinomycin D 
(126). Proteins from nucleoli isolated from both control and actinomycin D-treated 
cells were separated by 1D SDS-PAGE and stained with dye. The total proteomes 
were similar for both control and actinomycin D-treated nucleoli on stained gels; 
however, there were 11 protein bands whose intensity in the actinomycin-treated 
nucleoli was increased relative to the control nucleoli. Those bands were excised, 
digested with trypsin, and analyzed by MS. All of those proteins identifi ed by the 
analysis were examined by immunocytochemical analysis and were shown to be 
predominantly nucleoplasmic but relocated to the nucleolar periphery following 
actinomycin D treatment (104, 127). Those approaches are visceral and certainly 
very useful; however, extreme care should be taken when protein-staining bands are 
compared quantitatively among different samples because each compared staining 
may not necessarily contain a single or the same protein as that present in the corre-
sponding staining on gels. MS-based protein identifi cation covers the shortcomings 
of this comparison to some extent; however, if an excised staining band contained 
multiple proteins, the identifi ed protein does not always correspond to the protein 
that changed staining intensity on gels among the compared samples.

The method using stable isotope tagging and MS gives an alternative approach 
to this gel visualization approach (128), and provides an effi cient strategy for deter-
mining the specifi c composition, changes in the composition, and changes in the 
abundance of multiprotein complexes or subcellular structures. Among the reported 
stable isotope tagging methods, a well-known approach is based on the use of 
isotope-coded affi nity tag (ICAT) reagents and LC-MS, which can be used to 
compare the relative abundances of tryptic peptides derived from suitable pairs 
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between different samples. Derivatization of two distinct proteomes with the light 
and heavy versions of the ICAT reagent provides the basis for proteome quantita-
tion by MS analysis. Since the ICAT method can incorporate the isotopic label into 
only Cys-containing sites of proteins after protein extraction, it simplifi es proteome 
analysis by isolating only Cys-polypeptides and has universal applicability. This 
approach, in any case, can be used to distinguish the protein components of the 
complex or the subcellular structure from a background of copurifi ed proteins by 
comparing the relative abundances of peptides derived from a control sample and 
the specifi c complex. An example of this type of analysis is the specifi c identifi ca-
tion of the components present in the RNAP II preinitiation complex that is purifi ed 
from nuclear extracts by single-step promoter DNA affi nity chromatography (129). 
This same method can certainly detect quantitative changes in the abundance and 
dynamic changes in the composition of protein complexes, or subcelluar structures 
obtained from different cell states, as exemplifi ed by an analysis of STE12 protein 
complexes isolated from yeast cells in different states (128).

Several other in vitro or in vivo labeling approaches in combination with mass 
spectrometry are introduced to quantitate relative protein levels (see Chapter 2). 
Although those methods are specifi cally directed toward quantitation of relative 
abundance of proteins expressed in cells or tissues, they can also be applied to de-
scribe the composition, connection, and dynamics of the multiprotein complexes 
and/or subcellular structure in a way similar to that described for the ICAT method. 
One example of in vitro labeling is the method using isotope-labeled O-methyli-
sourea [H2

15N13C(OCH3) 5NH] and unlabeled reagent, which allows quantitative 
guanidination of the N-terminus of the peptide and the epsilon amino group of lysine 
residues (see Chapter 2 for details). This reagent modifi es all peptides generated by 
trypsin or Lys-C protease digestion; therefore, the peptide mixture generated by this 
method is very complex and requires a separation technique for higher resolution. 
However, the chance for quantifi cation of multiple peptides obtained from the same 
protein is higher than that using ICAT reagent, which labels only cysteine-contain-
ing peptide. This guanidination method was applied to the comparative analysis of 
the preribosomal ribonucleoprotein (pre-rRNP) complexes associated with three 
typical trans-acting factors—nucleolin, fi brillarin and B23—which function at 
different stages of ribosome biogenesis (see Section 2-2-2, Experimental Example 
2-3, and Section 3-3-1).

The most impressive work done in dynamic proteomics using MS-based organ-
elle proteomics and in vivo stable isotope labeling, called amino acids in cell cul-
ture (SILAC), is the dynamic analysis of the entire nucleolus obtained from human 
HeLa cells (see Section 3-1-1) (84, 130). This study demonstrates the power of the 
quantitative approach using isotope labeling and LC-MS for the high throughput 
characterization of the fl ux of endogenous proteins through even entire subcellular 
structures or organelles (84). So far we have a number of methodologies on hand 
with high throughput enough to handle the dynamic nature of not only large cellular 
machineries (protein complexes) but also of an entire subcellular structure or or-
ganelle, whose protein compositions vary extensively under different environments 
for growth and metabolic conditions. The development of dynamic proteomics 



coupled with other strategies heralds a new generation of “proteomic biology” that 
correlates dynamic proteome changes with cell function and thus enables us to 
understand biological aspects of living cells from the point of view of proteome 
dynamics.
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