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ABSTRACT: New proteomic techniques have been pioneered extensively in recent years, enabling the high-
throughput and systematic analyses of cellular proteins in combination with bioinformatic tools. Furthermore,
the development of such novel proteomic techniques facilitates the elucidation of the functions of proteins
under stress or disease conditions, resulting in the discovery of biomarkers for responses to environmental
stimuli. The ultimate objective of proteomics is targeted toward the entire proteome of life, subcellular
localization, biochemical activities, and the regulation thereof. Comprehensive analysis strategies of proteomics
can be classified into three categories: (i) protein separation via 2-dimensional gel electrophoresis (2-DE) or
liquid chromatography (LC), (ii) protein identification via either Edman sequencing or mass spectrometry
(MS), and (iii) proteome quantitation. Currently, MS-based proteomics techniques have shifted from qualitative
proteome analysis via 2-DE or 2D-LC coupled with off-line matrix assisted laser desorption ionization
(MALDI) and on-line electrospray ionization (ESI) MS, respectively, toward quantitative protecome analysis.
In vitro quantitative proteomic techniques include differential gel electrophoresis with fluorescence dyes,
protein-labeling tagging with isotope-coded affinity tags, and peptide-labeling tagging with isobaric tags for
relative and absolute quantitation. In addition, stable isotope-labeled amino acids can be in vivo labeled into
live culture cells via metabolic incorporation. MS-based proteomics techniques extend to the detection of the
phosphopeptide mapping of biologically crucial proteins, which are associated with post-translational modi-
fication. These complementary proteomic techniques contribute to our current understanding of the manner in
which life responds to differing environment.

Key Words: 2-dimensional gel electrophoresis, Edman sequencing, mass spectrometry, 2-dimensional liquid
chromatography, matrix assisted laser desorption ionization, electrospray ionization, differential gel
electrophoresis, isotope-coded affinity tag, isobaric tags for relative and absolute quantitation, stable
isotope labeled amino acid, phosphopeptide mapping

INTRODUCTION

actual life events occur during the coordination and
cross-talk occurring between cellular proteins. However,

The advent of genomic technology has facilitated there remains a technical gap to bridge, between our

our general knowledge regarding genetic information,
and enables us to design tailored transformed orga-
nisms, via the use of genetic tools. The genome itself
gives us a sort of guide map, allowing us to deter-
mine where we depart and where we arrive. The
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understanding of the genomic sequence and cellular
behaviors. Thus, the determination of what proteins
are transiently and spatially expressed can be extended
from a snap picture showing where proteins are, to a
relatively complete movie showing the manner in
which cells function internally. The terms “proteome”
and “proteomics” were initially coined by Mark
Wilkins in the Siena Two-dimensional Electrophoresis
Meeting, as analogues to the terms “gene” and
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“genomics”, respectively”. Three technical breakthroughs
underlying the birth of proteomics include (i) the full
collection of genes and protein-sequence databases,
(ii) the development of user-friendly bioinformatic
tools to handle the vast array of biological data, and
(iii) the development of a microchip array platform
technology for the interpretation of genome-wide
expression. Currently, a host of useful tools have
been placed within our hands, allowing us to view
from a high vantage the entire system of life, allowing
biologists to begin to think in a more expansive
manner (Figure 1). In the present article, these novel
proteomic techniques will be reviewed and considered,
in an effort to describe, in part, disciplines which
may someday be applied in industry.

CONSIDERATIONS INHERENT TO BIOLOGICAL
SYSTEMS

Proteomics is often considered more of a technology
than a science. The techniques of proteomics constitute
a powerful prism by which the multiproteins in a cell
can be screened, the purpose of which is to characterize
not the behavior of the single protein molecule, but
the entire network inherent to a biological system. In
this context, the ultimate objective for proteomists is
totally different from those who apply the methods
of protein chemistry. Protein chemistry principally
concerns the complete sequences of target proteins, in
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Fig. 1. Hierarchical structure of biological components.
There are different approach strategies for organisms
grouped into genome (the complete set of genes), tran-
scriptome (the complete set of mRNA molecules),
proteome (the complete set of proteins), metabolome
(the complete set of metabolites), and interactome (all
the protein-protein interaction nodes). Systems biology
integrates the entire set of these biological components
to examine dynamics systematically in terms of quali-
tative and quantitative values.

order to determine cellular functions, which can be
deduced from determinations of three-dimensional
structures. In contrast to classical protein chemistry,
proteomics involves the high-throughput identification
of expressed proteins via partial sequence analysis
and, ultimately, the quantitation of proteins for the
systematic interpretation of cellular functions. Thus,
proteomics is targeted toward an investigation of the
cellular dynamics of proteomes in biological environ-
ments, the characteristics of which are completely
different from what can be seen in the static and
fixed picture allowed for by genomic techniques.
Regardless of cell type, the observed proteins are
constitutively expressed proteins in common for biolo-
gically essential functions, including DNA replication,
protein synthesis, and energy metabolism. Proteins
with unique cell-specific functions like rhodopsin in
the retinal epithelium can be considered biomarker
target proteins responsible for specific functions in
specialized biosources. Specifically, proteins associated
with signal transduction, transcription factors, and
cell-cycle control turn over rapidly, thus performing
key roles in specific functions in specialized cells.
Although the settlement of oligoucleotide chip analysis
allows for the interpretation of genome-wide expression
patterns in a cellz), we are unable, at this point, to
determine directly the corresponding proteins. There
are three possible reasons for the differences between
transcriptomes and proteomes. mRNA stability and
translational efficiency subsequently affect protein
expression, both qualitatively and/or quantitatively.
Furthermore, mRNA levels alone are insufficient to
determine in detail the manner in which a given cell
is regulated. In the previous literature, a great deal of
evidence has been uncovered to demonstrate the
poor correlation between mRNA copies and coding

). Proteomics explains what is

protein quantities3
happening within a cell, whereas transcriptomics and
genomics provide us with information as to what
may actually be happening and what could be happening,
respectively. In the extraordinary example of human
a-antitrypsin, for instance, 22 different types of isoforms
have been detected in human plasma4). Thus, the true
complexity of a protein can be determined only via
proteomic study, and remains undeterminable via trans-
criptomic and genomic studies. After the completion

of the sequencing of the entire human genome”,
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many reductionists were surprised to discover that the
numbers of human genes, comprising 10" cells with
~26,000 genes, have fewer than twice as many as the
959-cell nematode, Caenorhabditis elegans, which is
comprised of ~18,000 genes (OnLine Databases at http:
/ /wit.integratedgenomics.com/ GOLD)®. Thus, scientists
have suggested that the higher order of complexity
seen in Figure 2 may be caused, not by the gene
number alone, but from a variety of post-translational
modifications of proteins and/or a scale- free network
of the proteomic society”. In summary, proteomics
seeks to identify and quantify proteins initially, and
subsequently to determine their localization, modifica-
tion, interaction, activity, and, ultimately, their cellular
function®.

PROTEIN SEPARATION BASED ON
2-DIMENSIONAL GEL

Analytical proteomics generally begins with the
separation of proteins or peptides. As is shown in
Figure 3, the simple strategies for MS proteomic
analysis can be divided into (i) the separation of the
protein mixture followed by tryptic digestion, and
conversely, (ii) the entire digestion of the protein
mixture followed by separation for the identification
of proteins via on-line MS. The former procedure can
be exerted simply via two-dimensional gel elec-
trophoresis (2-DE), whereas the latter one, referred to
as shot-gun proteomics, can be conducted via tandemly-
linked two-dimensional liquid chromatography (2D-
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Fig. 2. Origins of cellular complexicity. During the process
of DNA doctrine (DNA makes RNA makes protein),
multiple proteins can be generated via RNA splicing and
editing to various mature mRNAs, in which mature
RNA, in turn, translates proteins and further experiences
protein isoforms via post-translational modification. In
the cell, more than one million proteins engage in cross-
talk in the formation of the cellular network.

LC) coupled with on-line MS”. As is shown in Figure
4, 2-DE is a well-known protein separation method,
which is conducted in accordance with the isoelectric
points (pl) and molecular weights (Mr) of proteinsm).
The commercial immobilized pH gradient strip gels
provide stable pH gradients for 2-DE experimenters'".
The advantages of 2-DE include the ability to display
simply the protein profiles visually on 2-DE gels,
and to detect some isoforms of post-translational
modifications. Typically, both phosphorylated and non-
phosphorylated proteins can be resolved horizontally
via 2-DE, due to the alterations of pl values as the

result of phosphorylation'”

. Recently, an improved
2-DE method has been introduced, and is referred to
as differential gel electrophoresis (DIGE). DIGE utilizes
two different fluorescence dyes (Cy5 and Cy3) for the
two states of the protein samples, which are subse-
quently run on the same single 2-D gel™. The
fluorophore dyes are amine-specific to the N-terminal
proteins or e-amine side chains of lysine residues, of
which the fluorescence intensities of single protein
spots in a combination of the two protein groups can
be compared quantitatively at specific excitation and
emission Cy5 wavelengths (Ex Amax=633 nm, Em Amax
=670 nm) and Cy3 dyes (EX Amax=530 nm, Em Amax
=580 nm). The DIGE procedure is schematized in
Figure 5.

Although 2-DE-based proteomics are relatively
simple and low-cost, they remain labor-intensive and
time-consuming, in particular due to the drawbacks
inherent to automation. In addition, proteins with
extreme pH values, such as strong acidic or basic pls
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Fig. 3. Workflow of two proteomic strategies. One general
method is that the protein mixture is separated on
2-dimensional gels, followed by MS analysis. Another
shot-gun proteomic method predicated on LC-based
proteomics is the direct tryptic digestion of a protein
mixture to a peptide mixture, followed by MS analysis.
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Fig. 4. Differential 2-D gel images of soluble fractions from P.putida KT2440 induced by monocyclic aromatic carbons:
(A) succinate-cultured, (B) polyhydroxy benzoate-culture cells. IPG gel in a pH range of 3-10 was used. The circles
of spots corresponded to the polyhydroxybenzoate-induced proteins identified via PMF or MS/ MS fragmentation

s 10,
analysis'”,

and hydrophobic proteins, are notoriously difficult to
separate and visualize on conventional 2-D gels. In
order to overcome this limitation, a shot-gun proteomic
method that bypasses 2-DE has been developed. This
new technique involves the conversion of the entire
peptide mixture after the whole digestion of proteins
with trypsin in combination with liquid chromato-
graphic techniques'. The multidimensional protein
identification (MudPIT) technique is a recently de-
veloped 2-D LC separation method involving the
tandem linkage of a cation-exchange column and a
reverse-phase column, and MudPIT has been applied
to the analysis of several whole proteomes with en-
hanced computing power (Figure 6).

PROTEIN IDENTIFICATION METHODS

One of the oldest methods for the identification of
the unknown protein is N-terminal sequencing via
Edman degradation chemistry'”. The Edman reagent,
phenylisothiocyanate, chemically modifies the free
amino termini of polypeptides to form the phenyl-
thiocarbamyl (PTC) polypeptide. The addition of
anhydrous acid to PTC amino-terminal residues resulted
in rapid cleavage from the polypeptide chain, yielded
anilinothiazolinone (ATZ) amino acid and n-1 poly-
peptide. The unstable ATZ derivative amino acid
converted to a more stable phenylthiohydantoin (PTH)-
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Fig. 5. Schematic representation of differential gel
electrophoresis. Two protein samples were labeled separa-
tely with Cy5 for control (Group 1), Cy3 for experiment
(Group 2), and Cy2 as internal standard dye (half of
Group 1 and 2). The samples were then mixed and run
on the same 2D gels. The intensities of each protein spot
(Cy5 and Cy3) were divided by the intensity of Cy2 for
normalization, thereby allowing the determination of the
differential quantity of each protein spot using DEcyder ™
image analysis software.

amino acid, in which this derivative can be run in a
reverse-phase column to identify the amino acid via
comparison with the standard PTH amino acid (Figure
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7). Although MS has principally replaced Edman
sequencing in modern proteomics, it remains useful
in the differentiation between isoleucine and leucine
with the same molecular weight of 113 Da, the acquisi-
tion of N-terminal processed information following
translation, and the identification of proteins lacking
genomic information via homology searches'.
Besides direct protein sequencing, information gained
from partially digested peptide fragments from original
proteins can provide some clues, via comparisons of
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Fig. 6. The MudPIT scheme. Denatured protein complex
is digested into peptides, in which they are separated in
tandemly connected columns, i.e., strong cation exchange
and reverse-phase column. The subsequently MSMS
fragmented peptides are searched against SEQUEST.
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Fig. 7. The schematic procedure of Edman sequencing.
Amino-terminal residues of protein couples with PITC
to form a PTC amino acid. Acid cleavage removes the
amino-terminal residue as an unstable ATZ amino acid.
Subsequently, the unstable ATZ amino acids are then
converted to stable PTH amino acids. Amino acids are
sequentially identified via reverse phase-HPLC.

collections of experimentally acquired molecular weight
data with a genomic database. Theoretically, each
protein can generate a peptide mass fingerprint (PMF),
or a specific pattern of a given protein generated by
a specific protease'”’. Using the example of trypsin,
the post-tryptic digestion products can be expected to
represent the peptide fragments cleaved after the
carboxy-termini of arginine or lysine. Thus, the protein
source from either the 2-DE-separated protein or the
eluted solution from liquid chromatography can be
utilized as a substrate for trypsin. As is shown in
Figure 8, the purified tryptic digests dissolved with
50% (v/v) aqueous acetonitrile and 0.1% (v/v) formic
acid were applied to a matrix solution of a-cyano-
4-hydroxy cinnamic acid in 50% acetonitrile. The
mixture is then applied to a MALDI plate, allowing
the crystals to be ionized via nanosecond laser pulses,
in which the ionized peptides, in turn, are evaporated
and mobilized into a vacuum tube, allowing them to
reach the detector. The molecular weights can be
calculated as a form of mass-to-charge (m/z) via time-
of-flight (TOF) analysis from the applied kinetic energy,
E='4mv’. The collected m/z data are then applied to a
search engine, i.e.,, MASCOT (http://www.matrixscience.
com) in order to construct reports regarding the statis-
tical summary of PMF in the order of best-fitting
scores. Identification methods, such as Edman sequen-
cing and PMF, can provide complementary protein
information under a given physiological condition'®.
When the above-described protein identification
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Fig. 8. Peptide massfingerprinting flowchart. The protein
spot to be analyzed was picked and trypsinized. The
tryptic digests were then ionized on MALDI plates and
scanned by MS spectra. The 5~10 prevalent peaks were
entered into the Mascot database in order to identigr
fructose 1,6-bisphophate aldolase against the CyanoBase'.
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methods are not satisfied, a much higher degree of
protein information can be acquired via the further
fragmentation of the prevalent parent ion molecules,
resulting in the production of daughter ions. During
this MS/MS analysis, the bidirectional peptide sequences
of a single peptide can be determined via the analysis
of the b- and y-ion series from the database (Figure
9). The de novo peptide sequence data generated by
MS/MS is quite useful for high-confidence protein
identification via peptide sequence information searches
across both nucleotide and protein databases. Protein
identification via MS/MS analysis, such as with Edman
sequencing, has been determined to be the most appro-
priate method for organisms with less fully annotated
databases due to incomplete genome sequencing. Auto-
mated protein identification via large-scale MS/MS
can be conducted via on-line nanoscale-LC based
electrospray ionization quadrupole TOF MS or off-line
LC-connected to a MALDI TOF-TOF MS system.
These tandem MS/MS analyzers are consistent with
shot-gun proteomics techniques, including MudPIT.
The proteomic approach to protein phosphoryla-

tion is one of the most challenging new technologies

thus far developed. Protein phosphorylation is one of

A)

2D Gel Separation

Protein

the most extensively utilized and important post-
translational modifications, and is known to regulate
biological functions'. Phosphorylation is inherent to
a variety of cellular dynamic processes including cell
division, metabolic regulation, and signal transduction.
Regarding the signaling pathway process, phosphory-
lated proteins have been shown to occupy 1~2% of
the entire proteome, and are also encountered in
conjunction with the dynamic characteristics of kina-
ses and phosphatases™. A common technique for the
detection of phosphoproteins involves radioactive
labelling of the phosphate groups with inorganic *P and
subsequent autoradiography. Another method for the
detection of phosphoproteins involves Western-blotting
using phosphospecific antibodies, in which the anti-
phosphoserine, -phosphothreonine, and -phosphotyrosine
antibodies are obtained commercially’”. However, for
the direct mapping of phosphorylated sites via MS,
methods for the enrichment of phosphoproteins and
phosphopeptides via affinity chromatography are re-
quired. One of the most frequently employed methods
for phosphoprotein and phosphopeptide enrichment
is immobilized metal-ion affinity chromatography,
which is utilized in the purification of His-tagged
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STGTWITVWT DGLTSLDRYK GRCYHIEAVP GEDSQYIAYV AYPLDLFEEG
SVTNMFTSIV GNVFGFKALR ALRLEDLRIP PAYSXTFQGP PHGIQVERXR
LNKYGRPLLG CTIKPKLGLS AKNYGRAVYE CLRGGLDFTK DDENVNSQRF
MRWRDRFLFC AEAIYKAQAE TGETKGHYLN ATAGTCEEMM KRAQFARELG
APIVMHDYLT GGFTANTSLA HYCRONGLLL HIHRAMHAVI DRQKNHGMHE
RVLAKALRMS GGDHIHSGTV VGKLEGEREM TLGFVDLLRD DFIEKDRSRG
IFFTQDWVSM PGVIPVASGG IHVWHMPALT EIFGDDSVLQ FGGGTLGHEW
GNAPGAVANR VALEACVOAR NEGRDLAREG VEITREASKW SPELAAA

Fig. 9. Flowchart of protein identification by MS/ MS fragmentation. The protein spot to be analyzed was picked and
trypsinized. The tryptic digests were ionized on MALDI plates and scanned by MS spectra. One of the parent peaks
with an m/z value 1464.74 was further allowed to fragment, in order to determine the MS/ MS spectra. The partial
sequence of TFQGPPHGIGQVERXR was identified as ribulose-1,5-bisphophate carboxylase oxygenase with statistical
significance (p<0.05) via Mascot search (unpublished data).
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proteinsm. Metal-ions such as Fe”, Ga*, AI* or Zr**
have been extensively employed in order to achieve
higher specificity and enrichment of phosphopeptides.
Another possible enrichment technique involves the
use of titanium oxide nanoparticles, in which impurities
such as acidic peptides can be reduced for superior
phosphopeptide mapping™. As is shown in Figure
10, enrichment strategies for phosphoproteins and
phosphopeptides are schematized. Among the methods
for phosphoprotein analysis, techniques for the selective
purification and determination of phosphopeptide sites
have been established successfully in our laboratory,
employing titanium oxide particle absorption onto
standard phosphoproteins (Figure 11).

SYSTEMATIC QUANTITATIVE PROTEOMICS
TECHNIQUES

The systematic quantitation of proteomes can be
categorized into gel-based and LC-based techniques,
as is described in Figure 3. Gel-based comparative
proteomics techniques, including DIGE, have some
limited drawbacks, including the disadvantages associ-
ated with full-automation, as well as the underrepre-
sentation of low-abundance proteins, and poor resolu-
tion of highly acidic/basic proteins and proteins with
extreme molecular weights and hydrophobicity. Con-
trary to gel-based proteomics techniques, LC-based
quantitative techniques allow for a variety of approaches
to high-throughput and automation of the proteome,
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via the downsizing of proteome complexing to optimal
proteins or peptides. The multi-dimensional LC app-
roach, which is abbreviated as MDLC, constitutes the
basic analysis template, in which MDLC can be applied
in turn to the systematic quantitative analysis of the
proteome in two cellular states. The chemical tagging
of proteins and/or peptides in the two proteomes
under study allows for the direct relative quantitation
of proteins via LC-MS analyses (Figure 12).

The prototype of chemical tagging is the isotope-

pSer-, pThr antibodies
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pTyr antibodies
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Phosphoamidate
Chemical Modification {
(B) Phosphate elimination
The binding 3 f
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Fig. 10. Schematic representation of the enrichment of
phosphoproteins and phosphopeptides. (A) Classification
of phosphopeptide determination. Protein mixtures can
be selectively enriched and detected via immunoprecipita-
tion, affinitychromatography, and chemical modification.
(B) Picture depicting the capture of 2 moles of phosphates
in Serine residues by 1 mole of titanium oxide particles.
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Fig. 11. Enrichment and determination of phosphorylated peptides. Standard mixture including a-casein (2-C), 8
-casein (B-C), and ovalbumin (OVA) was undergone to fragmentation by MALDI MS MS obtained from the
TiOz-enriched peptide mixtures, using acetic acid as the loading buffer. The phosphorylated serine sites are marked as

PS (unpublished data).
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coded affinity tag (ICAT) technique, developed by
Aebersold et al*”. The ICAT reagent consists of the
biotin group which binds to the avidin column, the
polyether linker with eight hydrogens (Do) or deu-
teriums (Dg), and the reactive group which is used to
label cysteine residues specifically (Figure 13). The
combined proteomes labeled with each light and
heavy ICAT reagent allow for trypsin digestion followed
by the capture of biotin-containing peptides to the
avidin column. After the washing of the unbound
peptides with buffer, the labeled cysteine-containing
peptides are eluted and quantified via MS. Doublet
peaks with 8 Da difference are targets for the quan-
tification of peak intensity implementing the relative
abundance of two states of cell populations. The identi-
fication of the target peaks can be conducted via the
bidirectional readout of amino acid sequences by MS/
MS analysis. Recently, a new cleavable ICAT reagent
with the “C isotope linker and acid-cleavable biotin
group has been developed, allowing for us overcome
the limitations of ICAT, which include the co-elution
of Dy and Ds-labeled peaks and the suppressed peptide
peaks caused by the masking effect of biotin group™.

A novel method for quantitation of proteins, #sobaric
fags for relative and dbsolute guantitation (iTRAQ),
was recently introduced to employ four-plex labeling
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Isotope 'aggm%t protein level Isobaric taggingfat peptide tagging
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Fig. 12. Schematic representation of MS-based quantitative
analysis. Proteins are metabolically incorgorated into me-
dia with stable isotopes containing "N-amino acids
(SILAQ). Proteins and post-tryptic peptides are specifically
labeled at the cysteine and amine groups of lysine with
ICAT and iTRAQ reagent dyes, respectively. In each
case, the labeled proteins or peptides are combined, se-
parated, and analyzed via tandem MS. During analysis,
the relative abundance and protein identification were
determined by MS and MS/ MS analyses, respectively.

of amine-reactive isobaric tags (m/z 145), thus, iTRAQ
is theoretically able to label the whole proteome (Figure
14). The iTRAQ labeling is based on the labeling of
peptide at amine groups of N-termini and side chain
of lysine, thereby labeling all the proteins after trypsini-
zation. The peptides labeled with four-plex isobaric
tags cannot be directly used to identify each state of
the proteome in MS. However, when the collected four-
plex tagging peptides were fragmented via MS/MS
analysis, signature ion peaks from m/z 114 to 117 are
generated to obtain the relative quantitative informa-
tion. The MS/MS spectra are concomitantly provided
in order to identify the protein to be targeted”. Chemi-
cal tagging methods, including ICAT, cICAT, and
iTRAQ allow for the labeling of the proteins or peptides
in vitro, thus allowing for labeling, enrichment, and
purification, followed by MS and MS/MS analyses.
The serial chemical reaction processes include poor
reproducibility and low confidence. Thus, labeling
stable isotope labeling by essential amino acid culture
(SILAC) is another innovative approach that has been
developed which can bypass the unnecessary chemical
reactions”. Moreover, SILAC involves in vivo labeling
into live cells via metabolic incorporation, in which
the proteomes in two states of cultured cell popula-
tions are capable of being utilized for direct quanti-
tative analysis from purified proteins in the cultured
cells being studied (Figure 15).

TOWARDS INTEGRATED BIOLOGY

Due to the rapid development of proteomic techno-
logies, in particular, mass spectrometric methods,
biologists have begun to build “protein legos”, which

ICATT™ reagent

Heavy reagent: Dg-ICAT (X=deuterium)
HN Light reagent: D-ICAT (X=hydrogen)
.
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Biotin affinity group Thiol-reactive group

Labeled linker group

Fig. 13. Chemical structure of ICAT™ reagent. A biotin
affinity tag was used to selectively isolate the tagged
peptides. A mass-encoded polyether harbors 8 hydrogens
(Do) or 8 deuteriums (Ds) for the quantitation of relative
abundance in two cell or tissue states. The thiol-reactive
group is tagged to the cysteine residues.




Quantitative Proteomics Towards Understanding Life and Environment 379

allow for the construction of dynamic motion pictures
of internal cellular functions. This is an important
advance from previous techniques, as the cell itself is
not a static construct. Current techniques tend to inte-
grate a variety of data forms concerned with quant-
itative information (proteome dynamics), proteome
localization (subproteome atlas), and protein-protein
interaction (proteome society), enabling researchers to
analyze and integrate systematically a variety of in-
tracellular occurrences, including biomolecular net-
working, using enhanced computing power coupled
with mathematical and bioinformatic techniques™.
Combined with a host of breakthroughs that have
obviated previous technical barriers, current proteomics
techniques are rapidly becoming a quantitative technical
platform by which biological functions can be expressed
in numerical language. Thus, we hope to deal with
previously intractable cellular conundra using mathe-
matics, a pursuit which has been referred to as either
integrated biology or systems biology.
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