110

CURRENT
OPINION

www.current-opinion.com

Advances in quantitative proteomics via stable isotope tagging

and mass spectrometry
W Andy Tao and Ruedi Aebersold”

The high-throughput identification and accurate quantification of
proteins are essential components of proteomic strategies for
studying cellular functions and processes. Techniques that are
largely based on stable isotope protein or peptide labeling and
automated tandem mass spectrometry are increasingly being
applied in quantitative proteomic studies. Over the past year,
significant progress has been made toward improving and
diversifying these technologies with respect to the methods for
stable isotope labeling, process automation and data processing
and analysis. Advances in stable isotope protein labeling and
recent biological studies that used stable isotope based
quantitative proteomics techniques are reviewed.
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Abbreviations

2DE two-dimensional gel electrophoresis
CID collision-induced dissociation
ICAT isotope-coded affinity tag

MALDI matrix-assisted laser desorption ionization

MS mass spectrometry

MS/MS tandem MS

RPLC reverse-phase liquid chromatography

RP-uLC-MS reverse-phase microcapillary liquid chromatography

coupled on-line with MS

Introduction

In addition to enumerating the proteins expressed in a
species, the detection and quantification of differences in
the protein profiles of cells, tissues or body fluids of
different origins or states is increasingly being recognized
as a key objective of proteomics research. The measure-
ment of differential protein expression provides a more
direct, more accurate and more versatile way to detect
global changes in cellular dynamics in health and disease
compared with the complementary and more mature
technology of mRNA expression analysis [1]. Quantita-
tive proteomics thus holds significant promise for the
discovery of diagnostic or prognostic protein markers,

for the detection of new therapeutic targets and as a
powerful tool to further our understanding of basic bio-
logical processes and mechanisms. The realization of
these expectations relies on the development of auto-
mated, robust and highly sensitive methods to identify
and quantify proteins.

T'o date, three different approaches for quantitative pro-
tein profiling have been proposed. In the first and most
mature approach, proteins are separated and quantified by
two-dimensional gel electrophoresis (2DE), and identi-
fied by mass spectrometry (MS) [2]. The second
approach, protein expression array analysis, is based on
the generation of ordered arrays of reagents with high
specificity for particular proteins. This method represents
the linear translation of the mRNA expression array
concept into proteomics and is at present, in spite of
its enormous promise, least developed [3]. The third and
currently most rapidly advancing approach is based on
stable isotope labeling of proteins or peptides and auto-
mated tandem mass spectrometry (MS/MS). Chemically
identical but mass-differentiated stable isotope tags are
introduced into the proteins in two sample mixtures. The
combined mixtures are then processed and analyzed by
MS so that each analyte from one sample represents a
quantitative standard for a chemically identical analyte
from the other sample. The isotope tags can optionally
contain an affinity tag so that the tagged analytes can be
selectively isolated, thus simplifying the complexity of
sample mixtures before mass-spectrometric analysis. This
review summarizes recent advances in quantitative pro-
teomics technology based on stable isotope tagging and
MS/MS and discusses results from selected applications.

Current status and applications of
quantitative proteomics using stable isotope
tags and mass spectrometry

The prototypical method to generate quantitative protein
profiles based on stable isotope affinity tagging and MS is
the isotope-coded affinity tag (ICAT) reagent method [4].
The reagents (Figure 1) consist of a cysteine-reactive
group, a linker that contains either heavy or light isotopes,
and a biotin affinity tag. The ICAT reagent method
(Figure 2) involves iz vitro derivatization of cysteine
residues with the isotopically heavy or light form of the
reagent, respectively, then enzymatic digestion of the
combined sample and isolation and mass spectrometric
analysis of labeled peptides [4]. In the process the com-
plexity of the peptide sample mixture is significantly
reduced and each peptide is isotopically tagged to facil-
itate quantitative mass spectrometric measurements.
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The structure of ICAT reagents. ICAT reagents comprise a cysteine-reactive group, a linker containing either heavy or light isotopes and a binding

affinity tag.

Results from a series of applications of the method have
illustrated its versatility, documented current technical
limitations and showed new uses for quantitative proteo-
mic analyses. The applications can be broadly grouped
into three classes, as detailed below. In the first, quanti-

Figure 2

tative proteomics was used to ask whether the analysis of
perturbation-induced changes measured at the mRNA
and protein levels provide redundant or complementary
information. In the second class, quantitative proteomics
was used to gain new insights into specific cellular
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The ICAT reagent strategy for quantifying differential proteins. Two protein mixtures representing two different cell states are treated with the
isotopically light (green) or heavy (red) ICAT reagents, respectively. The labeled protein mixtures are then combined and proteolyzed; tagged peptides
are selectively isolated and analyzed by MS. The relative abundance is determined by the ratio of signal intensities of the tagged peptide pairs. Every
other scan is devoted to fragmenting a peptide. The CID spectra are recorded and searched against large protein sequence databases to identify the
protein. Therefore, in a single operation, the relative abundance and sequence of a peptide are determined.
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mechanisms (e.g. specific signaling mechanisms). In the
third class, applications that use quantitative proteomics
for purposes that go beyond simple protein profiling were
explored.

Are the measurement of the cellular response to
external perturbations at the mRNA and protein level
redundant or complementary?

A main objective of the emerging ‘Systems Biology’
approach is to use different types of systematic and
quantitative measurements to dissect the complex sys-
tems and networks that underlay cell physiology [5]. To
date, the types of data most commonly acquired in this
context are mRNA expression profiles and protein
expression profiles. Several studies examined the impor-
tant question of whether the information obtained from
studying the responses of a system to external perturba-
tions measured at the mRNA and protein level is redun-
dant or complementary.

In the first such study the responses of cells of the yeast
Saccharomyces cerevisiae to perturbations along the exten-
sively studied galactose utilization pathway were analyzed
using full-genome c¢DNA microarrays and quantitative
proteomics via the ICAT reagent method [6°°]. The
protein-abundance ratios of 289 proteins were determined
for wild-type cells grown in the presence (+gal) or absence
(—gal) of 2% galactose and related to the correspond-

ing mRNA expression ratios. The results, reproduced in
Figure 3, indicate a loose positive correlation between the
two types of data. More interestingly, the data also sug-
gested that the expression of 15 proteins involved post-
transcriptional regulation and that groups of functionally
related genes showed similar expression patterns. This is
exemplified by the observation that the mRNA levels of
several ribosomal proteins increased three- to five-fold in
response to galactose addition, whereas the corresponding
protein abundances remained unchanged.

A similar study investigated the effects of carbon-source
perturbation on steady-state gene expression in §. cerevi-
siae. 'The cells were grown in galactose or ethanol and the
induced changes in mRNA and protein profiles were
measured and correlated [7]. For genes involved in gly-
colysis, the response measured at the mRNA and protein
levels correlated well, whereas for mitochondrial proteins
involved in energy metabolism and for proteins involved
in protein synthesis, significant discrepancies in expres-
sion ratios were observed. Using 2DE-MS and gene
expression arrays, respectively, to study the activation
of human neutrophils by lipopolysaccharide at the protein
and mRNA levels, Fessler and co-workers [8°] also found
generally poor correlation between the datasets. Collec-
tively, these results emphasize the importance of inte-
grated mRNA and protein expression measurements for
understanding biological systems.

Figure 3
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Scatter plot of protein expression ratios versus mRNA expression ratios. Ratios of protein expression for 289 proteins were determined using the ICAT
technique. The values are plotted against the corresponding mRNA expression ratios measured by full-genome microarrays. Many metabolic (blue
triangles) or ribosomal (green diamonds) proteins were elevated in wild type + gal, while those involved in respiration (red triangles) had reduced
expression levels. Names of genes that were indistinguishable in both mRNA and protein expression are separated by a slash (from [6°°]).
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Insights into specific sighaling mechanisms

Specific signaling pathways have traditionally been stu-
died at the protein level using antibody-based approaches
including western blots, enzyme-linked immunosorbent
assays, immunoprecipitation of signaling complexes and
immunohistochemistry. Although these methods are
extremely sensitive and specific, the reliance on high
quality antibodies precludes quick and high-throughput
analyses and limits the generality of the approach.
Furthermore, an antibody that binds a native protein
may not be useful for detecting the denatured protein
on a western blot and antibody-based methods necessa-
rily anticipate the events that are being assayed and are
blind to unexpected events. The ability of quantitative
proteomics technologies to compare the expression levels
of hundreds-to-thousands of proteins in cells of different
states of activation promises new insights into the
mechanism of specific signaling pathways and, more
importantly, into the interconnection between different
signaling systems.

These expectations were realized by a study in which the
ICAT reagent method was applied to investigate the
function of the Myc oncoprotein [9°]. By comparing
the global pattern of protein expression between myc-null
and myc-plus cells, groups of functionally diverse proteins
were identified as being regulated by the presence or
absence of Myc. These included those predicted to lead
to increased cell growth, reduced focal adhesions, as well
as altered morphology. A novel cytoskeletal function of
Myc was revealed using this approach, indicating the
feasibility of quantitative whole-proteome analysis in
mammalian cells to understand the molecular functions
of pleiotropic regulators such as Myc. Using the same
experimental strategy, Han ¢z /. [10] identified an unpre-
cedented number of microsomal proteins and determined
their quantitative response to the pharmacologically
induced differentiation in human myeloid leukemia
(HL-60) cells; Smith and co-workers [11] identified and
quantified changes in protein expression between control
and camptothecin-treated mouse cortical neurons; and
Baliga and co-workers [12] studied the regulatory net-
works underlying the shift of the extremely halophilic
Halobacterium from aerobic to anaerobic phototrophic
energy production. These studies indicate that quantita-
tive proteomics can provide new insights into the mole-
cular mechanisms that control diverse physiological
functions in prokaryotic or eukaryotic cells.

Beyond profiling

Most cellular functions are not performed by individual
proteins but rather by complexes of interacting pro-
teins. It is therefore an important component of quan-
titative proteomics to identify specifically interacting
proteins and to determine differences in the composi-
tion of protein complexes isolated from different cel-
lular sources.

A generic strategy to characterize partially purified macro-
molecular complexes using the ICAT reagent method has
been presented (JA Ranish ¢z @/., unpublished results).
The principle of the method is schematically illustrated
in Figure 4. By comparing the relative abundance of
peptides from a control sample that does not contain
the target complex and a sample that contains the target
complex within a matrix of proteins unrelated to the
complex, the specific complex components can be iden-
tified on the basis of the enrichment factor observed
between the two samples. The method was applied to
study the large RNA polymerase II pre-initiation complex
from yeast cells that was purified from nuclear extracts by
a single-step promoter DNA affinity procedure. In a
single experiment, 45 of the 49 known components of
the complex were identified within a background of 206
contaminating proteins, illustrating the power of quanti-
tative proteomics technology for the characterization of
protein complexes.

Stable isotope labeling in combination with the B-elim-
ination of O-phosphate was also proposed for the quanti-
tative analysis of phosphopeptides [13]. The study
addressed an issue of central importance for proteomics
— the comprehensive and quantitative analysis of cellular
protein phosphorylation profiles. The study also illu-
strated the remaining substantial challenges facing sys-
tematic protein phosphorylation analysis, including the
diverse chemical nature of the phosphate—ester bonds
occurring on proteins, difficulties in detecting phosphor-
ylation events in low abundance proteins, and the poten-
tial of other groups to undergo B-elimination, thus
complicating the interpretation of mass spectra obtained
from such experiments.

Rather than analyzing global protein profiles, in what they
termed the ‘mass western method’, Arnott and co-workers
used quantitative proteomics technology based on stable
isotope tagging to selectively detect the presence of the
cell-surface proteins prostate stem cell antigen (PSCA)
and ErbB2 and to determine their relative abundance in
different cell lines [14°]. This method obviates the need
for gel electrophoresis or other initial purification steps.

These examples illustrate that proteomics technologies
based on stable isotope labeling and quantitative MS are
being used in creative experiments to measure biologically
informative properties of the proteome that are beyond the
sequence and quantity of expressed polypeptides.

Technical advances
Chemistry
New isotope-coded affinity-tagged reagents

Early applications of the ICAT reagent method identified
several drawbacks of the first-generation reagents. First,
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Figure 4
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Quantitative proteomics approach for the analysis of affinity-purified macromolecular complexes. To distinguish specific complex components from
copurifying proteins, a control purification is performed in which the complex of interest is not enriched. Proteins purified by immunoprecipitation from
sample and control are labeled with either the isotopically heavy or light version of the ICAT reagent, and combined. After proteolysis, sample
complexity is reduced in three sequential chromatographic steps, and the peptides are analyzed by ESI-MS/MS to obtain their identity and quantity.
The relative quantification can then be used to distinguish specific complex components from copurifying proteins.

the combined biotin—isotope tag is relatively large and
bulky. As the tag remains on cach peptide during MS
analysis it is also subject to fragmentation under collision-
induced dissociation (CID) conditions and the resulting
tag-specific fragment ions can complicate the manual or
computer-assisted interpretation of tandem mass spectra
of labeled peptides. Second, the eight deuterium atoms
that were used as the mass-tags in the original ICAT
reagents caused an isotope effect that was sufficient to
partially resolve isotopic peptide pairs by high-resolution
reverse-phase liquid chromatography (RPLC) [15°].
Therefore, accurate quantification requires the calcula-
tion of the abundance ratios on the basis of the integrated
peak areas of the heavy and light forms of each peptide,
complicating automated data analysis [10].

To address these issues, several second-generation che-
mistries for cysteine-specific isotope tagging have been
developed. Zhou and co-workers [16°] described a method
that uses solid-phase capture-and-release to introduce
stable isotope tags at cysteine residues and to isolate the

tagged peptides. The solid-phase resin was prepared by
modifying the surface of controlled pore glass beads with a
chemical structure consisting of a photo-cleavable linker,
an isotope-tag transfer group and a specific reactive group
(Figure 5). Using Fmoc peptide synthesis chemistry two
types of beads were synthesized with surface modifications
that were chemically identical but differed in the isotopic
composition of the tag.

Compared with the solution-phase ICAT reagent meth-
od, the solid-phase tag transfer method has several advan-
tages. First, as the isolation of cysteine-containing
peptides and incorporation of stable isotopes are achieved
in a single step, the solid-phase method is faster and
simpler, requires less manual input and is easier to
automate. Second, stringent wash conditions are compa-
tible with the covalent capture of peptides, resulting in
the recovery of a sample mixture highly enriched for
cysteine-containing peptides. Third, no additional steps
arc needed to remove reagents. Fourth, the minimal
number of sample handling steps increases the sensitivity

Current Opinion in Biotechnology 2003, 14:110-118
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Figure 5
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Structure of reagents for solid-phase isotope tag transfer.

of the method. A side-by-side comparison of solution and
solid-phase tagging approaches to the detection of protein
expression changes in §. cerevisiae demonstrated that the
solid-phase ICAT method identified more proteins than
the solution-phase method from comparable amounts of
protein. Finally, the mass-tag on the cysteine residue is
small (170 Da total for the dy-leucine tag) and undergoes
minimal fragmentation, facilitating the interpretation of
CID spectra of tagged peptides.

A similar solid-phase approach using an acid-labile resin
has also been described [17°] and Applied Biosystems,
Inc. (Foster City, CA) recently introduced a new version
of ICAT reagents that contain an acid-cleavable linker
between the isotope tag and the biotin group [18°].
Peptides labeled with the second-generation ICAT
reagents are subjected to the same separation procedures
as those labeled with the original version of the reagent,
except that as an additional step the biotin group is
cleaved off before MS analysis of the tagged peptides.
The isotope tag introduced with this reagent consists of
BC instead of deuterium and is relatively small. As
expected [15°] the peptides labeled with the 3Cg or
12C isotope tag have virtually the same retention time
during RPLC.

Isotope tagging with chemical specificities different from
sulfhydryl groups

Thiol-specific reagents have the advantage that they
selectively isolate cysteine-containing peptides from a
complex sample mixture and therefore reduce the com-
plexity of the sample to be analyzed by MS. The reagents
have the disadvantage that proteins that do not contain
any cysteines are transparent to the method and that
generally relatively low sequence coverage of the identi-
fied proteins is achieved. In an attempt to isotopically
label every peptide in a protein digest, N-terminal label-

ing protocols have been described [19,20]. Although in
this approach virtually every peptide is quantified, the
enormous complexity of the peptide mixtures generated
by the digestion of complex protein mixtures makes
N-terminal peptide tagging challenging for proteome-
wide analyses. Several other approaches have been inves-
tigated to selectively isolate proteins or peptides that
contain a specific functional group [21,22]. Generally,
these methods are based on the use of affinity enrichment
protocols. They include the selection of histidine-con-
taining peptides via immobilized metal affinity chroma-
tography (IMAC) on Cu(Il) columns [22], and the
isolation of phosphorylated peptides [13,23-25] and gly-
cosylated peptides [26]. It can be expected that in the near
future additional selective chemistries will be developed.

Enzyme-catalyzed "0 and metabolic stable isotope
labeling

Besides isotopic tagging of peptides using chemical
reagents, the venerable method of using proteases to
introduce 80O from H,'®O into carboxyl groups during
proteolysis was re-evaluated and successfully applied
[27,28]. Although this is a simple and useful isotopic
labeling method, it is by no means without pitfalls.
The small mass difference between the light and heavy
forms of a peptide complicates quantitative analysis,
especially in low resolution and electrospray ionization
(ESI) mass spectrometers, the exchange can be inhibited
by urea and the rate of exchange can be structure specific.

Apart from chemical and enzymatic methods, metabolic
protein labeling has also been used to introduce stable
tags into proteins for quantitative proteomics. Whereas in
the past metabolic stable isotope labeling was achieved
by using culture media containing salts that were isoto-
pically enriched [29-31], or depleted [31,32], more
recently proteins were also labeled via the metabolic
incorporation of ‘heavy’ amino acids [33°,34-36]. These
advances provide the opportunity to also perform meta-
bolic labeling in cultured mammalian cells. The labeling
of proteins in whole higher organisms remains, however,
beyond the reach of metabolic stable isotope labeling
methods.

Non-isotopic reagents

A method that is conceptually analogous to the ICAT
reagent labeling method but does not make use of stable
isotopes was described by Cagney and Emili [37]. The
method, termed mass-coded abundance tagging (MCA'T),
relies on the selective and quantitative guanidination of
the g-amino group of C-terminal lysine residues of tryptic
peptides and thus the transformation of lysines into
homoarginine. After differential modification of tryptic
peptides contained in one sample and the combination of
the tagged peptides with the untagged peptides in a
second sample, the relative abundance of each peptide
contained in the two samples can be estimated by mea-
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suring the relative signal intensities of each sister peptide
pair in full-scan MS mode. The relatively large mass
difference (42 Da) between unmodified and modified
peptides and the potential for partial modification of
the o-amino groups during the guanidination reaction
potentially complicate the MCA'T approach for the ana-
lysis of very complex mixtures.

Data acquisition and instrumentation

To date, most analyses based on the ICAT reagents or
related methods have been carried out using reverse-
phase microcapillary liquid chromatography coupled
on-line with MS (RP-pLLC MS) and RP-pLLC MS/MS.
In such experiments, peptides at specific mass-to-charge
(m/z) values are selected for CID using a data-dependent
software routine with dynamic exclusion and are identi-
fied by searching the resulting CID spectra against a
protein sequence database. The abundance ratio is then
determined for each identified peptide. Usually a routine
of alternating MS and MS/MS scans is used to collect both
qualitative and quantitative data in the same experiment.

Further developments have been made on improving
peptide identification and accurate quantification. One
such case is the establishment of an empirical statistical
model to estimate the accuracy of peptide identifications
assigned to CID spectra made by database search appli-
cations [38]. The model computes probabilities that

Figure 6

peptide assignments to spectra are correct on the basis
of database search scores, providing a particularly useful
criterion for distinguishing correctly from incorrectly
assigned peptides. It also has become apparent that the
fact that the analytes contain isotopic signatures can
be used to adapt the MS strategies for their analysis.
An early example of such an adaptation is the develop-
ment of instrument control protocols in a matrix-assisted
laser desorption ionization ESI electrospray ionization
(MALDI) quadrupole time-of-flight MS (QqTOF)
instrument that automatically selects precursor ions on
the basis of abundance ratio of detected, isotopically
labeled peptide pairs [39]. The rationale for the method
is the observation that in most proteomic experiments
that compare perturbed cellular states, the abundance of
the majority of the detected proteins remains unchanged.
The described protocol therefore focuses the mass spec-
trometer on those peptides that show a difference in
expression, that is, the biologically most informative
species.

The use of MALDI-MS/MS offers the significant advan-
tage that the temporal constraints of on-line detection
that are typically encountered with ESI-MS/MS are
eliminated as the peptides separated by pl.C are depos-
ited on a MALDI sample plate before MS analysis. It can
be expected that the absence of this temporal constraint
will catalyze the development of further MS and MS/MS
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Summary of available isotope tagging reagents. (a) Classical ICAT reagents that contain an affinity group, an isotope linker, and a reactive group. (b)
Cleavable ICAT reagents that have an additional cleavable linker between affinity group and isotope tag; both (a) and (b) reagents are suitable for
solution-phase derivation of cysteine residues on proteins. (c) Reagents for stable isotope tag transfer via solid-phase capture and release. (d)

Reagents that introduce a stable isotope tag on peptides.
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protocols that focus on selected proteins of great biolo-
gical significance, a trend that will surely be accelerated
by the availability of new types of MALDI MS/MS
instruments such as the MALDI-TOF-TOF (MALDI
tandem time-of-flight) [40-43].

Conclusions

With steady advances in chemistry (summarized in Fig-
ure 6), instrumentation and reference tools for the gen-
eration of stable isotope tagged polypeptides and their
analyses, quantitative proteomics is poised to realize its
immense potential for basic and clinical research. Fully
robotized, high-throughput platforms, robust isotope tag-
ging chemistries with different selectivities, improved
transparent, probability-based data analysis tools and
optimized interfaces between the analytical platforms
and the biological specimens remain significant chal-
lenges facing the proteomics field. It can be expected
that current and emerging proteomic approaches will find
applications to various biological systems [44,45] and that
the coming years will demonstrate their enormous utility
for drug discovery, disease prevention and diagnosis and
basic biological research.

Acknowledgements

T'his work was supported by grants from the National Cancer Institute (NCI)
(R33, CA 93302), National Heart L.ung and Blood Institute (NHBLI),
Proteomics Initiative (NO01-HV-28179), National Institute on Drug Abuse
(NIDA) (P30, DA 15625), and a grant from Oxford GlycoScience. The ISB is
supported by a generous gift from Merck and Co. WA'T is a Damon Runyon
Fellow supported by the Damon Runyon Cancer Research Foundation
(DRG 1740-02).

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

® of special interest
®¢ of outstanding interest

1. Duggan DJ, Bittner M, Chen Y, Meltzer P, Trent JM: Expression
profiling using cDNA microarrays. Nat Genet 1999, 21:10-14.

2.  Aebersold R, Goodlett DR: Mass spectrometry in proteomics.
Chem Rev 2001, 101:269-295.

3. Jenkins RE, Pennington SR: Arrays for protein expression
profiling: towards a viable alternative to two-dimensional gel
electrophoresis? Proteomics 2001, 1:13-29.

4. Gygi SP, Rist B, Gerber SA, Turecek F, Gelb MH, Aebersold R:
Quantitative analysis of complex protein mixtures using
isotope-coded affinity tags. Nat Biotechnol 1999, 17:994-999.

5. Ideker T, Galitski T, Hood L: A new approach to decoding life:
systems biology. Annu Rev Genomics Hum Genet 2001,
2:343-372.

6. Ideker T, Thorsson V, Ranish JA, Christmas R, Buhler J, Eng JK,

ee Bumgarner R, Goodlett DR, Aebersold R, Hood L: Integrated
genomic and proteomic analyses of a systematically perturbed
metabolic network. Science 2001, 292:929-934.

A pilot study demonstrating the Systems Biology approach that inte-

grates quantitative data, at both the genomic and proteomic levels.

7. Giriffin TJ, Gygi SP, Ideker T, Rist B, Eng J, Hood L, Aebersold R:
Complementary profiling of gene expression at the
transcriptome and proteome levels in Saccharomyces
cerevisiae. Mol Cell Proteomics 2002, 1:323-333.

8. Fessler MB, Malcolm KC, Duncan MW, Worthen GS: A genomic
e and proteomic analysis of activation of the human neutrophil

by lipopolysaccharide and its mediation by p38 mitogen-

activated protein kinase. J Biol Chem 2002, 277:31291-31302.
The authors demonstrate that the measurements of the cellular response
to external perturbations at the mRNA and protein levels are comple-
mentary in mammalian cells.

9. Shiio Y, Donohoe S, Yi EC, Goodlett DR, Aebersold R, Eisenman

¢ RN: Quantitative proteomic analysis of Myc oncoprotein
function. EMBO J 2002, 21:5088-5096.

Description of a novel quantitative proteomic approach to the analysis of

Myc oncoprotein function, indicating the feasibility of quantitative whole-

proteome analysis in mammalian cells.

10. Han DK, Eng J, Zhou H, Aebersold R: Quantitative profiling of
differentiation-induced microsomal proteins using isotope-
coded affinity tags and mass spectrometry. Nat Biotechnol
2001, 19:946-951.

11. Yu LR, Johnson MD, Conrads TP, Smith RD, Morrison RS, Veenstra
TD: Proteome analysis of camptothecin-treated cortical
neurons using isotope-coded affinity tags. Electrophoresis
2002, 23:1591-1598.

12. Baliga NS, Pan M, Goo YA, Yi EC, Goodlett DR, Dimitrov K,
Shannon P, Aebersold R, Ng WV, Hood L: Coordinate regulation
of energy transduction modules in Halobacterium sp. analyzed
by a global systems approach. Proc Nat/ Acad Sci USA 2002,
99:14913-14918.

13. Goshe MB, Veenstra TD, Panisko EA, Conrads TP, Angell NH,
Smith RD: Phosphoprotein isotope-coded affinity tags:
application to the enrichment and identification of low-
abundance phosphoproteins. Anal Chem 2002, 74:607-616.

14. Arnott D, Kishiyama A, Luis EA, Ludlum SG, Marsters JC Jr, Stults

e JT: Selective detection of membrane proteins without
antibodies: a mass spectrometric version of the western blot.
Mol Cell Proteomics 2002, 1:148-156.

The paper has used the isotope-tagging technology for a novel approach.

Rather than analysing global protein profiles, the technology has been

used to monitor several important cell surface proteins in prostate cells.

15. Zhang R, Sioma CS, Wang S, Regnier FE: Fractionation of

e isotopically labeled peptides in quantitative proteomics. Anal
Chem 2001, 73:5142-5149.

The authors have recognized potential resolution of isotopic forms of a

peptide on reverse-phase chromatography and its resulting inconveni-

ence in quantitative proteomics.

16. Zhou H, Ranish JA, Watts JD, Aebersold R: Quantitative proteome

e analysis by solid-phase isotope tagging and mass
spectrometry. Nat Biotechnol 2002, 20:512-515.

See annotation to [18°].

17. Qiu Y, Sousa EA, Hewick RM, Wang JH: Acid-labile isotope-

e coded extractants: a class of reagents for quantitative mass
spectrometric analysis of complex protein mixtures. Anal Chem
2002, 74:4969-4979.

A solid-phase version of ICAT reagents was introduced in both papers

[17°,18°]. As a significant step toward the development of new quanti-

tative proteomics reagents, the solid-phase approach facilitates fully

robotized, high-throughput quantitative proteomic analysis.

18 Juhasz P, Falick A, Graber A, Hattan S, Khainovski N, Marchese J,
Martin S, Patterson D, Williamson B, Malmstrom J et al.: ESI and
MALDI/MS-MS approaches for large scale protein
identification and quantification: are they equivalent? 50th
American Society for Mass Spectrometry Conference June 2-6,
2002, Orlando, FL.

New ICAT reagents, acid cleavable ICAT reagents, were introduced.

Studies with the new reagents indicate better identification and quanti-

fication for proteomic analysis.

19. Munchbach M, Quadroni M, Miotto G, James P: Quantitation and
facilitated de novo sequencing of proteins by isotopic
N-terminal labeling of peptides with a fragmentation-directing
moiety. Anal Chem 2000, 72:4047-4057.

20. Chakraborty A, Regnier FE: Global internal standard technology
for comparative proteomics. J Chromatogr A 2002, 949:173-184.

21. Wang S, Zhang X, Regnier FE: Quantitative proteomics strategy
involving the selection of peptides containing both cysteine
and histidine from tryptic digests of cell lysates. J Chromatogr A
2002, 949:153-162.

www.current-opinion.com

Current Opinion in Biotechnology 2003, 14:110-118



118 Analytical biotechnology

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Amini A, Chakraborty A, Regnier FE: Simplification of complex
tryptic digests for capillary electrophoresis by affinity selection
of histidine-containing peptides with immobilised metal ion
affinity chromatography. J Chromatogr B Analyt Technol Biomed
Life Sci 2002, 772:35-44.

Zhou H, Watts JD, Aebersold R: A systematic approach to the
analysis of protein phosphorylation. Nat Biotechnol 2001,
19:375-378.

Oda Y, Nagasu T, Chait BT: Enrichment analysis of
phosphorylated proteins as a tool for probing the
phosphoproteome. Nat Biotechnol 2001, 19:379-382.

Ficarro SB, McCleland ML, Stukenberg PT, Burke DJ, Ross MM,
Shabanowitz J, Hunt DF, White FM: Phosphoproteome analysis
by mass spectrometry and its application to Saccharomyces
cerevisiae. Nat Biotechnol 2002, 20:301-305.

Geng M, Zhang X, Bina M, Regnier F: Proteomics of
glycoproteins based on affinity selection of glycopeptides from
tryptic digests. J Chromatogr B Biomed Sci Appl 2001,
752:293-306.

Yao X, Freas A, Ramirez J, Demirev PA, Fenselau C: Proteolytic
180 |abeling for comparative proteomics: model studies
with two serotypes of adenovirus. Anal Chem 2001,
73:2836-2842.

Stewart Il, Thomson T, Figeys D: 80 labeling: a tool for
proteomics. Rapid Commun Mass Spectrom 2001, 15:2456-2465.

Conrads TP, Alving K, Veenstra TD, Belov ME, Anderson GA,
Anderson DJ, Lipton MS, Pasa-Tolic L, Udseth HR, Chrisler WB
et al.: Quantitative analysis of bacterial and mammalian
proteomes using a combination of cysteine affinity tags and
15N-metabolic labeling. Anal Chem 2001, 73:2132-2139.

Oda Y, Huang K, Cross FR, Cowburn D, Chait BT: Accurate
quantitation of protein expression and site-specific
phosphorylation. Proc Nat/ Acad Sci USA 1999, 96:6591-6596.

Washburn MP, Ulaszek R, Deciu C, Schieltz DM, Yates JR Ill:
Analysis of quantitative proteomic data generated via
multidimensional protein identification technology. Anal Chem
2002, 74:1650-1657.

Shi SD, Hendrickson CL, Marshall AG: Counting individual sulfur
atoms in a protein by ultrahigh-resolution Fourier transform ion
cyclotron resonance mass spectrometry: experimental
resolution of isotopic fine structure in proteins. Proc Nat/ Acad
Sci USA 1998, 95:11532-11537.

Ong SE, Blagoev B, Kratchmarova |, Kristensen DB, Steen H,
Pandey A, Mann M: Stable isotope labeling by amino acids in
cell culture, SILAC, as a simple and accurate approach to
expression proteomics. Mol Cell Proteomics 2002, 1:376-386.

Stable isotope labeling was applied to mammalian cells by in vivo
incorporation of specific amino acids during cell culture.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Martinovic S, Veenstra TD, Anderson GA, Pasa-Tolic L, Smith RD:
Selective incorporation of isotopically labeled amino acids for
identification of intact proteins on a proteome-wide level.

J Mass Spectrom 2002, 37:99-107.

Zhu H, Pan S, Gu S, Bradbury EM, Chen X: Amino acid residue
specific stable isotope labeling for quantitative proteomics.
Rapid Commun Mass Spectrom 2002, 16:2115-21283.

Zhu H, Hunter TC, Pan S, Yau PM, Bradbury EM, Chen X:
Residue-specific mass signatures for the efficient detection of
protein modifications by mass spectrometry. Anal Chem 2002,
74:1687-1694.

Cagney G, Emili A: De novo peptide sequencing and quantitative
profiling of complex protein mixtures using mass-coded
abundance tagging. Nat Biotechnol 2002, 20:163-170.

Keller A, Nesvizhskii Al, Kolker E, Aebersold R: Empirical
statistical model to estimate the accuracy of peptide
identifications made by MS/MS and database search. Anal
Chem 2002, 74:5383-5392.

Griffin TJ, Han DK, Gygi SP, Rist B, Lee H, Aebersold R, Parker KC:
Toward a high-throughput approach to quantitative proteomic
analysis: expression-dependent protein identification by mass
spectrometry. J Am Soc Mass Spectrom 2001, 12:1238-1246.

Yergey AL, Coorssen JR, Backlund PS Jr, Blank PS, Humphrey GA,
Zimmerberg J, Campbell JM, Vestal ML: De novo sequencing of
peptides using MALDI/TOF-TOF. J Am Soc Mass Spectrom
2002, 13:784-791.

Medzihradszky KF, Campbell JM, Baldwin MA, Falick AM, Juhasz
P, Vestal ML, Burlingame AL: The characteristics of peptide
collision-induced dissociation using a high-performance
MALDI-TOF/TOF tandem mass spectrometer. Anal Chem 2000,
72:552-558.

Lee H, Griffin TJ, Gygi SP, Rist B, Aebersold R: Development of a
multiplexed microcapillary liquid chromatography system for
high-throughput proteome analysis. Anal Chem 2002,
74:4353-4360.

Krutchinsky AN, Kalkum M, Chait BT: Automatic identification of
proteins with a MALDI-quadrupole ion trap mass
spectrometer. Anal Chem 2001, 73:5066-5077.

Witzmann FA, Li J: Cutting-edge technology. Il. Proteomics:
core technologies and applications in physiology. Am J Physiol
Gastrointest Liver Physiol 2002, 282:G735-G741.

Figeys D: Proteomics approaches in drug discovery. Anal Chem
2002, 74:412A-419A.

Current Opinion in Biotechnology 2003, 14:110-118

www.current-opinion.com



	Advances in quantitative proteomics via stable isotope tagging and mass spectrometry
	Introduction
	Current status and applications of quantitative proteomics using stable isotope tags and mass spectrometry
	Are the measurement of the cellular response to external perturbations at the mRNA and protein level redundant or complementary?
	Insights into specific signaling mechanisms
	Beyond profiling

	Technical advances
	Chemistry
	New isotope-coded affinity-tagged reagents
	Isotope tagging with chemical specificities different from sulfhydryl groups
	Enzyme-catalyzed 18O and metabolic stable isotope labeling
	Non-isotopic reagents

	Data acquisition and instrumentation

	Conclusions
	Acknowledgements
	References and recommended reading


