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The complete genome sequence produced by the

Human Genome Project (HGP) [1,2] contains, in prin-

ciple, the information required for the development and

the physiology of a human being. However, much of the

knowledge about how the sequence information relates

to physiology in health and disease is currently lacking.

The genome project has also catalyzed the emergence of

new approaches and technologies that attempt to gener-

ate and interpret the data required for a comprehensive

understanding of biological processes. Among these,

systematic and quantitative profiling technologies have

been broadly applied to identify diagnostic expression

patterns specific to pathological cellular states, such as

cancer [3], and to provide clues to the genes and gene

products that are responsible for, or correlate with, a

specific state of a system.This might, in turn, reveal fun-

damental mechanisms of biological control that are 

potential therapeutic targets in the case of pathologically

perturbed systems.

The most mature of these profiling technologies are

those that measure expression changes at the level of

mature mRNA products [4–6]. However, despite their

widespread use, mRNA-based analyses of gene expression

have shortcomings.Their use as tools for the comprehen-

sive investigation of biological processes is limited by the

observation that quantitative measurements at the mRNA

level cannot provide accurate reflections of either the

absolute amount or the induced changes in abundance at

the protein level [7–9]. Measurements made at the

mRNA level also fail to detect the post-translational mod-

ifications, cellular localizations and activities of proteins

or the macromolecular interactions that cooperatively

affect their function. The use of mRNA profiling tech-

niques as tools for the detection of prognostic or diag-

nostic patterns is limited by the frequently difficult 

access to the target tissue or the inability to identify the

target tissue in the first place. Quantitative proteomics

has recently emerged as a complementary technology to

mRNA profiling with the ability to characterize compre-

hensively the structural and functional aspects of protein

products [10].

Quantitative proteomics based on stable
isotope tagging
A key aspect to the comprehensive characterization of

protein products is the quantitative analysis of protein

profiles. For this, two alternative approaches have been

developed. The first and most widely used method is

based on high resolution two-dimensional electrophoresis

(2DE) and mass spectrometry, the second on quantitative

mass spectrometry via stable isotope tagging of proteins

and peptides. In the 2DE-based method, complex protein

mixtures are initially separated electrophoretically and

stained. Specific proteins are then selected for mass spec-

trometric identification based on quantitative comparison

of the 2DE staining patterns of suitable experimental and

control protein samples. Whereas the technique is mature

and robust, several conceptual and technical considera-

tions limit its general utility [11]. Most significantly, a

study using unfractionated soluble proteins from a whole-

cell yeast (Saccharomyces cerevisiae) lysate demonstrated 

that even with maximal sample loading and extended

electrophoretic separation, low-abundance proteins,

which constitute nearly half the yeast proteome, were 

systematically excluded [12].

The most significant recent advances in quantitative

proteomics have been catalyzed by quantitative mass

spectrometry, the subject of this review.This method con-

sists of the following four steps: (1) differential isotopic

labeling of separate protein mixtures; (2) digestion of the
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combined, labeled protein mixtures followed by separa-

tion of the resulting peptides by multidimensional liquid

chromatography (LC); (3) analysis of the separated pep-

tides by automated tandem mass spectrometry (MS–MS);

and (4) automated database searching to identify the pep-

tide sequences (and hence the proteins from which they

were derived) and determination of relative protein

abundance from the mass spectral data.

The most commonly used and now commercially

supported isotope labeling method for quantitative pro-

teomics has been the isotope-coded affinity tag (ICATTM)

reagent methodology [13]. It is based upon the covalent

labeling of cysteine residues in separate polypeptide iso-

lates using chemically identical but isotopically different

reagents, followed by proteolysis, multidimensional LC

and mass spectral analysis to quantify and determine the

sequence of the isolated peptides. The approach is shown

in Fig. 1. The multidimensional LC method that has seen

the most widespread use couples strong-cation exchange

(SCX) LC with reversed-phase (RP) microcapillary LC

(µLC) [14–17]. Peptides are fractionated by electrostatic

charge by SCX LC and the generated fractions are then

sequentially further separated by RP–µLC either with

the two columns linked on-line [14,16] or applied 

sequentially in an off-line configuration [15,17].

Multidimensional LC has been shown to overcome the

sensitivity limitations of commonly employed 2DE meth-

ods to separate complex mixtures before mass spectral

analysis. This was illustrated by a study in which tryptic

peptides generated from a yeast lysate were extensively

fractionated and analyzed by LC–MS–MS. Proteins with

codon-bias values indicating very low protein abundance

were detected conclusively if three dimensions of chro-

matographic separation were combined with MS sequenc-

ing protocols that maximized the number of sequencing

operations [15].The identification in that study of ICATTM

reagent-labeled low-abundance proteins also indicates

that the labeling reaction proceeds significantly toward

completion for protein mixtures with a predicted dynamic

range of five to six orders of magnitude.

The sequence of the isotopically labeled (i.e. ICATTM-

reagent-labeled) peptides eluting from the RP–µLC column

are identified by a highly automated process most com-

monly using on-line electrospray ionization (ESI) operated

in data-dependent MS–MS mode. The acquired MS–MS

spectra are then searched against a peptide sequence data-

base using SEQUEST [18] or other analogous software 

routines such as MASCOT (http://www.matrixscience.

com/cgi/index.pl?page=../home.html) and ProFound

(http://prowl.rockefeller.edu/cgi-bin/ProFound?INTRO)

to determine the sequence of the detected peptide. The

mass spectral signals of the identified, differentially iso-

topically labeled peptide sequences are then reconstructed

and the relative intensities of these signals are measured

to determine the relative abundance of the peptide (and

hence the protein from which it is derived) between the

two starting mixtures [13,17]. Although the majority of

applications of the ICATTM reagent have been carried out

in this ‘gel free’ format using multidimensional LC, the

approach is versatile and has also been shown to be 
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Figure 1. Strategy for isotope-coded affinity tag (ICATTM) reagent-based
analysis of protein targets

Proteins from two cell states are denatured, reduced and labeled with either isotopically heavy or
isotopically light ICATTM reagent. Following digestion with trypsin, ICATTM-reagent-labeled peptides are
separated by multidimensional liquid chromatography before analysis by reversed-phase tandem mass
spectrometry. Both the identity and relative abundances of peptide peak pairs are determined.
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effective in conjunction with initial separation of protein

mixtures by 2DE followed by mass spectral analysis [19].

The separation by 2DE and mass spectrometric analysis of

differentially isotopically labeled proteins provides accu-

rate quantification of each protein contained in protein

spots of comigrating proteins and thus addresses a com-

mon and important problem in protein profiling based

on gel electrophoresis patterns.

Recent advances of isotope-tagging based
proteomics technology
Since the description of the principles of the method,

variations and improvements in isotope incorporation,

mass spectrometry and data processing and analysis 

have been reported. These advances demonstrate that the

combination of selective chemistries, tandem mass spec-

trometry and data processing algorithms provides a

generic and increasingly useful approach to quantitative

proteomics.

Advances in tagging chemistries and 
isotope incorporation
The general approach to quantitative proteomics involv-

ing selective tagging, stable isotope dilution and mass

spectrometry has catalyzed the proliferation of a variety of

different isotopic labeling methods. Stable isotope incor-

poration has been achieved in a variety of ways, including

metabolic labeling [20,21,30], enzymatically directed

methods [22–24] and chemical labeling using externally

introduced tags such as that facilitated by the ICATTM

reagent [13]. More recently, a solid-phase method for the

isolation and isotopic labeling of cysteine-containing

peptides in complex mixtures has been developed that

involves tag addition at the end of the labeling procedure

after trypsinization and sample preparation [25]. Despite

the potential for biases resulting from differences in

sample digestion and manipulation that might occur 

before addition of the tag, the solid-phase method is 

simpler, more efficient and more sensitive in side-by-side

comparisons with the solution-based ICATTM labeling

protocol [25]. Another technological advance is a second-

generation ICAT reagent containing a cleavable linker

(Applied Biosystems, Foster City, CA, USA) that promises

to increase further the sensitivity and versatility of quanti-

tative proteomic studies. Alternative strategies for the

specific isotopic labeling of amino-acid residues other

than cysteine have also been developed, such as 

per-methyl esterification of carboxylic acid groups [26],

specific labeling of lysine residues [27] and peptide

N-termini [28]. In addition, an alternative strategy employ-

ing differential chemical labeling of lysine residues that

does not require stable-isotope incorporation has also

been described [29]. The combined use of a variety of 

labeling reagents reactive with different functionalities

should increase sample coverage and should also help to

reduce the confound of non-unique peptides when

quantitating proteins on the peptide level isolated from

complex mammalian samples.

The use of chemical reactions to introduce tags 

detectable by MS into specific sites in proteins and pep-

tides has also been extended to probe functional aspects

of proteins contained in complex mixtures. Several meth-

ods that enable differential isotopic labeling and isolation

of phosphorylated peptides have been described [30–33]

as demonstrating or suggesting the potential for quantita-

tive profiling by MS of protein phosphorylation on a

proteome-wide scale. Selective chemistries have also

been used to investigate the activity of specific classes of

enzymes. This was achieved by the synthesis of reagents

that bind selectively to proteins in an activity-dependent

manner [34]. Incorporation of stable isotopes into such

reagents holds great potential for the profiling of protein

activities by MS. The ability to quantify relative abun-

dances, post-translational modifications and activities of

proteins across whole proteomes and in purified bio-

logical complexes will undoubtedly revolutionize our 

understanding of biological mechanisms acting in both

normal and diseased cellular states.

Advances in MS instrumentation and methods
for quantitative proteome analysis
Although it is robust, sensitive and automated, the analysis

of complex, isotope-tagged peptide mixtures by on-line

LC–ESI MS–MS suffers from the demand for continual

sample consumption and the requirement for untargeted,

or ‘on the fly’, selection of precursor ions for sequencing.

The coupling of matrix-assisted laser desorption ioniza-

tion (MALDI) to a tandem mass spectrometer promises to

overcome these limitations and greatly increase the effi-

ciency of global proteomic comparisons of biological cell

states. In this instance, peptides are prepared as described

above except that they are eluted and spotted directly

from a microcapillary reversed-phase liquid chromatogra-

phy column on a MALDI sample plate. A mass spectrum is

first obtained for each spot to quantify heavy and light

ICATTM reagent-labeled pairs of proteins. Tandem mass

spectrometry can then be focused directly on those spots

containing ICATTM reagent-labeled peptide pairs showing

interesting changes in relative abundance (Fig. 2).

Because the samples are physically separated into spots on

the sample plate, this method avoids needless collision-

induced dissociation (CID) sequence analysis of ICATTM

reagent-labeled peptide pairs showing no change in

abundance. Therefore, the method significantly reduces
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instrumentation time during data collection and subse-

quent data analysis by the researcher, making it extremely

attractive for analysis of global proteome states. This

method has been pioneered [35] using a tandem quadru-

pole time-of-flight (QTOF) mass spectrometer [36] but

could conceivably also be implemented on MALDI ion

trap [37] and time-of-flight (TOF) instruments [38].

Advances in data processing and management
The automation of proteomic data collection has created

an imbalance between the ability to generate proteomic

data and the capacity to interpret these data. The analysis

of a single experiment requires an assessment of each

selected or ‘identified’ sequence, the culling of incorrect

and redundant assignments, the analysis of single-ion

chromatograms to quantify each peptide and the integra-

tion of all of these into a multidimensional database linking

all peptides to the proteins from which they originated.

Subsequently, proteomic data are related to other types

of data, such as those determined using gene expression

arrays. Each one of these tasks demands the development

and refinement of open source software tools to prevent

bottlenecks during data analysis.

Several software solutions have been implemented to

reduce the amount of spectra that require manual cura-

tion.The first of these approaches removes spectra below

preset quality thresholds before database searching,

saving both curation and computational time. A second

approach integrates the scoring features of SEQUEST and

the properties of the identified peptide into a single

probability score of a correct identification.This function

has excellent operating characteristics and allows the

elimination of the bulk of the false identifications with

only minimal loss of correct identifications, thereby

vastly reducing the number of individual spectra that

must be examined [39].

Quantification software such as XPRESS [17] currently

provides a sophisticated level of automation to the process

of quantitatively analyzing the elution profile of all iden-

tified peptides. Analogous commercially available soft-

ware packages, such as ProICAT (Applied Biosystems,

Foster City, CA, USA), have also been developed to pro-

vide analytical tools specifically tailored to specific brands

of chromatographic and mass spectrometric instruments.

The XPRESS software (described in more detail online 

at: http://www.systemsbiology.org/research/software/

proteomics/) fits a curve to an elution profile based on a

reconstructed single-ion trace chromatogram and subse-

quently calculates a ratio between a pair of peptides. The

calculated expression ratio from all peptides from a single

protein can be assembled into a composite ratio for that

protein, which includes mean and error measurements.
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Figure 2. Implementation of matrix-assisted laser desorption ionization
(MALDI) for global proteomic comparisons

Purified isotope-coded affinity tag (ICATTM)-reagent-labeled peptides are eluted and spotted 
directly from a microcapillary reversed-phase liquid chromatography column onto a MALDI 
sample plate. A mass spectrum is obtained for each spot to quantify relative levels of heavy 
and light ICATTM-reagent-labeled peptide pairs. Tandem mass spectrometry can then be targeted 
to spots containing ICATTM-reagent-labeled peptide pairs exhibiting interesting changes in 
relative abundance.
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Whereas the current generation of software requires

manual curation of each peptide elution, future genera-

tions will be able to assess the fit of the curve assigned to

a chromatographic peak, calling the attention of the user

to only those proteins that either demonstrate a signifi-

cant change in abundance between the experimental and

control samples or that contain outliers that require

human attention. In this way, the quantification process

and subsequent data analysis are targeted to only the rele-

vant, ‘biologically interesting’, proteins in the experi-

ment. Finally, once the data are culled using quantitative

software such as XPRESS or ProICAT, composite data

from multiple experiments – those collected from a time-

course analysis, for example – can be analyzed collectively

using INTERACT software. INTERACT permits multiple

datasets to be analyzed using a form-based internet-acces-

sible interface. INTERACT allows the researcher to quickly

filter and sort selected MS–MS database search results

according to various parameters as dictated by the user.

Internet links are included for each peptide to allow the

researcher to view the mass spectrum and the recon-

structed chromatographic peaks, thus facilitating analysis

of even the extremely large datasets that arise from 

proteomic profiling studies [17].

Collectively, these advances in stable isotope incorpo-

ration, mass spectrometry and data processing contribute

to the further development of a robust and automated

platform for quantitative proteomic studies.

Representative applications of stable 
isotope tagging
Proteomic profiling cellular extracts
One of the earliest descriptions of quantitative proteomic

profiling involved the detection of protein abundance

changes in two different yeast cultures (e.g. mutant and

wild-type) grown on either 14N- or 15N-enriched cell

growth medium. Following an appropriate growth 

interval, the two cell cultures were combined and isolated

proteins were separated by 2DE. Gel spots were excised

and analyzed by MS, revealing the identity of the protein

and the relative abundance of the protein in the two cul-

tures based on the measured nitrogen isotope ratio.These

measurements allowed not only determination of protein

abundance differences between the two yeast cultures but

also revealed in vivo phosphorylation sites in a biologically

interesting target protein [30]. Pioneering proteomic

profiling methods such as these have been improved

upon by implementing post-isolation isotopic labeling

methods that can be applied to virtually any protein

sample and, as discussed below, by adding multidimen-

sional chromatographic separation steps before mass

spectral analysis.

The multidimensional protein identification tech-

nology (MudPIT) method, which involves two liquid chro-

matographic separation steps, tandem mass spectrometry

and database searching, was used to detect and identify

1484 proteins in whole-cell protein extracts from the

budding yeast proteome [16]. This protein set included

regulatory proteins, such as members of the MAP kinase

pathway; transcription factors, including those in the

SWI–SNF cell cycle regulatory complex; and proteins 

associated with the membranes of various organelles,

including the plasma membrane (e.g. Pma1p), endoplas-

mic reticulum, the Golgi apparatus, the nucleus, and

other membrane-bound structures. Proteins with pIs

outside the narrow range afforded by 2DE were detected,

including 12 proteins with pIs <4.3 and 29 proteins with

pIs >11.A large range of protein masses was seen, includ-

ing proteins with masses <10 000 and >190 000 Da.

Importantly, more than 50% of the predicted low-abun-

dance proteins with a codon index below 0.2 were also

represented [16].

Although successful for analysis of yeast proteins,

improvements in chromatographic separation and mass

spectrometric instrumentation will undoubtedly be

needed for complete coverage of complex eukaryotic

protein samples that are predicted to span greater than six

orders of magnitude in abundance. However, preliminary

studies indicate that multidimensional LC- and affinity-

based chromatographic separation steps before mass

spectrometry allow for a more complete description of a

cellular proteome, including low-abundance and 

recalcitrant proteins [15,16]. This method will undoubt-

edly provide a platform upon which even more robust

strategies applicable to the analysis of higher eukaryotes

that demonstrate extremely large dynamic ranges in 

protein abundance.

Proteomic profiling organelles and 
cellular fractions
The implementation of multiple dimensions of chro-

matographic separation and isotopic labeling strategies

has enabled the proteomic profiling of complex cellular

mixtures such as those isolated from cellular organelles

and cellular fractions. Extended proteome coverage has

also been facilitated through the use of gas-phase frac-

tionation (GPF), the iterative mass spectral analysis of a

sample over multiple unique m/z ranges, or ‘windows’,

within a larger mass spectrum survey scan m/z range

(e.g. 400–2000 m/z) [40]. Implementation of GPF for

proteins enriched in yeast peroxisomal membranes

demonstrated significant increases in both sensitivity

and reproducibility in identifying proteins known to be

associated with this organelle [41].



http://www.trends.comS28

Trends in Biotechnology Vol. 20 No. 12 (Suppl.), 2002Review | A TRENDS Guide to Proteomics

A combination of multidimensional LC separation and

ICATTM tagging has also been used to characterize pro-

teins from higher eukaryotes, including humans.

Specifically, the method has been successfully used to 

determine the ratios of abundance of nearly 500 proteins

associated with the microsomal fractions of control and

in vitro-differentiated human myeloid leukemia (HL-60)

cells [17]. This study represents the most comprehensive

analysis to date of membrane-associated proteins and the

first study in which the relative abundance of identified

proteins was determined directly and systematically. This

study indicates this approach and the supporting software

tools are broadly applicable to the analysis of large sets of

proteins, notably including those refractory proteins

that have previously not been accessible using standard

proteomic technologies.

Conclusions
The technical advances and applications described here

indicate that quantitative proteomics based on stable iso-

tope tagging and automated mass spectrometry is devel-

oping into a mature technology that can interface with a

multitude of biological and clinical research questions.

We expect that the performance, sample throughput,

precision of measurement and level of automation will

continue to increase.We furthermore expect that the basis

of the method, the combination of selective chemical

reactions and mass spectrometry will be applied to probe

proteomic properties that indicate, directly or indirectly,

the function and activity of proteins. Such measurements

include the systematic analysis of protein phosphoryla-

tion, the analysis of protein linkage maps [42,43] and

enzyme activity profiles. Improved performance and util-

ity of proteomics technology will therefore increasingly

impact biology and medicine.

However, it is possible that lack of access to suitable

research infrastructure and trained personnel will limit

the penetrance of quantitative proteomics as a general

research tool. Technologic complexity and the high costs

of required equipment and trained personnel make pro-

teomics prohibitively expensive for many research

groups. A suitable solution might be the establishment of

high-throughput proteomic centers, analogous to the

successful structural genomics data collections centers,

the national beamlines. These publicly funded facilities

would allow for the assembly of a critical mass of experts

in protein biochemistry, separation sciences, mass spec-

trometry, computation and informatics, making proteomics

accessible to other publicly funded academic researchers.

In addition, such centers would pioneer the development

of the technologies and software necessary to propel the

field of global quantitative proteomics forward and train

scientists in the current technologies. Realization of the

full potential of this promising technology, therefore,

requires coordinated plans for technology development,

dissemination and application.
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