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Abstract

An overview is provided of six strategies for relative or absolute quantitation of protein abundances that are widely used in proteomic studies.
Strengths and limitations are discussed. Four of these involve stable isotope labeling and isotope ratio measurements by mass spectrometry. In
another, mass spectra are used to deconvolute overlapping peptide HPLC peaks to provide relative quantitation based on peak areas. The sixth
provides relative abundances of proteins based on 2-D gel arrays. It should be noted that these strategies measure peptide and protein abundances,

and cannot directly assess changes in regulation or expression.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

This paper is submitted in honor of the 31st annual meeting
of the Japanese Society for Medical Mass Spectrometry. The
Japanese Society for Medical Mass spectrometry has a long
history of interest in biomarker discovery and in the analy-
sis of biomarkers in clinical diagnosis. One of the important
criteria for biomarker discovery is the quantitative compari-
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E-mail address: fenselau@umd.edu.

1570-0232/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jchromb.2006.10.07 1

son of relative and absolute amounts of chemical markers in
samples of urine, blood, or other samples, from well and sick
subjects. In recent years, interest has been renewed in the use
of proteins as biomarkers for diseases and for treatment effi-
cacy. This review discusses the comparative quantitation of
proteins in biomarker searches that use proteomic strategies.
Six methods will be described, and three will be illustrated from
our own studies of changes in protein abundances in cancer
cells that have become resistant to chemotherapeutic agents.
It should be emphasized that these methods do not measure
changes in expression or regulation, but simply changes in pro-
tein abundances. Such abundances reflect synthesis, degradation
and modification. These methods include:
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Fig. 1. Replicate arrays obtained by two dimensional gel electrophoresis, Coomassie blue staining and computer-supported comparative densitometry showing the
reduced abundance of calreticulin in MCF-7 cells selected for resistance to melphalan [2]. Reproduced with permission from the American Chemical society.
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1.1. Densitometric comparison of protein abundances in
two dimensional gel arrays

Two-dimensional gel electrophoresis continues to be an
important and widely used technique for protein separation [1].
Protein mixtures are separated based on isoelectric point and
molecular mass. Proteins are usually detected with silver stain,
with Coomassie blue, or with fluorescent tags. These arrays
or images may be digitized and aligned digitally, and pairs
of gels may be compared, spot by spot to reveal changes in
abundances. There are many software programs available com-
mercially to carry out the alignment and automated quantitative
comparison. Fig. 1 shows partial images from three pairs of
2-D gel arrays of cytosolic proteins recovered from human
breast cancer MCF-7 cells susceptible and resistant to the anti-
cancer alkylating agent, melphalan. The entire experiment was

carried out in triplicate and the average ratio of calreticulin
abundance in MCF-7 cancer cells resistant to melphalan and
susceptible to melphalan was found to be 0.4 £0.1 [2]. With
the advent of modern proteomics, the quality and variety of
commercially available immobilized pH gradient (IPG) strips
and gels has improved greatly. These separations still require
considerable manual manipulation, however they provide the
separation of several thousand soluble proteins with resolution
as yet unequaled by other methods of protein separation. Two
dimensional gels also provide visualization of samples with
attendant advantages for comparison and record keeping. The
outstanding advantage offered by 2-D gel electrophoresis and
mass spectrometry for protein analysis is the ready recognition
of isoforms, currently unparalleled by any other technique.

1.2. Metabolic labeling

Metabolic labeling is another method adapted for proteomics
from classical protein chemistry. Nutrients highly enriched with
stable isotopes are provided to cells in culture, and isotope labels
are incorporated into all cellular proteins simultaneously. This
method provides differential labeling of multiple pools of pro-
teins. Cultured cells are combined and relative abundances of
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individual proteins are determined by measuring isotope ratios
of peptide pairs of sets with mass spectrometry. The method
was introduced for bacterial proteomics by Oda et al. [3]. Sub-
sequent publications extended the method to eukaryotic cells
[4,5]. Ong et al. have proposed the name SILAC, stable isotope
labeling by amino acids in cell culture [6]. The great strength of
this method is that pools of labeled proteins can be mixed even
before the cells are lysed, eliminating differential protein loss
during lysis, extraction, and fractionation, before the variously
labeled proteins are combined. Once the samples are combined,
protein losses, e.g., sticking on the sides of containers, are
expected to be proportional. The major limitation of metabolic
labeling is that it is not readily extended to clinical or animal
studies.

When this laboratory used metabolic labeling to study
changes in proteins in the plasma membrane [7] and the nucleus
[8] of human breast cancer MCF-7 cells, we found that they did
not grow in the dialyzed serum required for the introduction of
labeled amino acids. These estrogen positive cells require small

Relative quantitation by densitometry

(a) -Nucleophosmin

molecule hormones, such as estrogen, which are removed by
dialysis. We were able to grow the cells when a small amount
of whole serum was retained in the culture medium. This com-
promise limits the extent to which isotopically labeled amino
acids can be incorporated into proteins, however the baseline
incorporation can be determined and a correction made to iso-
tope ratios measured between pools. The combined mixture
of nuclear soluble proteins was fractionated by 2-D gel elec-
trophoresis, and isotope ratios of peptides from the spots of
interest were measured by mass spectrometry. Fig. 2 shows
examples of measurements of the differential abundances of
three proteins isolated from the nucleus of MCF-7 cells sus-
ceptible and resistant to mitoxantrone [8]. These illustrate a
protein whose abundance is not changed, and examples where
abundance is increased and decreased in the drug resistant line.
These ratios are derived from both comparative densitometry
and isotope ratios. The abundance ratios of these and other
nuclear proteins are shown in Table 1, along with standard
deviations.
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Fig. 2. Changes in abundances of three soluble nuclear proteins determined by (left) two dimensional gel electrophoresis and (right) mass spectrometric determination
of isotope ratios of peptides from proteins labeled by metabolic labeling. Adapted from reference [8].
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Table 1
Abundance changes in soluble nuclear proteins from mitoxantrone-resistant
MCEF-7 cells determined using isotope ratios and gel densitometry

Protein name Isotope ratio Densitometry
MXres/control MXres/control
78 K GRP 491 £ 0.46 5.53 £ 0.69
Prohibitin 3.69 £ 0.33 2.81 £ 0.31
HMG-1 2.56 £ 0.18 1.52 £ 0.16
40S ribosomal protein SA 235 +£0.18 1.74 £ 0.19
Cyclophilin B 222 £0.16 1.66 £ 0.45
Nucleolin (76 K) 2.18 £ 0.16 1.98 £ 0.24
Nucleolin (100 K) 1.58 £ 0.18 1.47 £ 0.26
Cytokeratin 19 0.53 £ 0.09 0.58 £ 0.14
Cytokeratin 8 (truncated) 0.49 £ 0.05 0.43 £ 0.06
PARP-1 0.46 £ 0.06 0.30 £ 0.13
EF-1-beta 0.36 £+ 0.06 0.28 £+ 0.09
Septin 2 0.11 £ 0.03 0.22 £ 0.03

Ratios are averaged from three harvests and from three to five gels for each of
three harvests [8].

1.3. Proteolytic labeling with O-18

We have introduced a method for global quantitative com-
parisons of abundances of pairs of proteins, which is applicable
to samples from animals and clinical specimens [9,10]. Two
atoms of O-18 are introduced into the carboxylic acid group
of every proteolytic peptide in a protein pool. This set of pep-
tides can be mixed with peptides labeled with O-16, and isotope
ratios can be determined by mass spectrometry. The introduc-
tion of the label is catalyzed by members of the serine protease
family, which include trypsin [11], Glu-C protease [12], Lys-C
protease, and (slow) chymotrypsin [10]. In the binding site of
these proteases, the residue of choice is covalently bound in a
tetrahedral intermediate, which is then disrupted by nucleophilic
attack by a water molecule. Fig. 3 illustrates that disruption by
a molecule of H,'30 as it incorporates an atom of O-18 into the
carboxyl terminus of the peptide. The initial proteolysis can be
carried out in H,'80, thus introducing the first atom of O-18
during protein cleavage. The C-terminal residue in each pep-
tide product is still recognized by the protease, e.g., glutamate
in the case of Glu-C, and the peptides are bound repeatedly
via the same covalent mechanism. If the peptide products
are incubated with the catalytic enzyme in H'30, micro-
reversibility will eventually equilibrate the level of O-18 in the
peptides with the level of O-18 in the solvent, preferably >95%
[10].

In fact, we argue that there are significant advantages to be
gained by separating the proteolysis and labeling steps. These
include:
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Fig. 4. Partial electrospray mass spectrum of O-18 and O-16 labeled pep-
tides from riboflavin binding protein digested by endoproteinase Glu-C and
N-glycopeptidase F. A triply charged peptide is detected with a 4 Dalton incre-
ment, and a singly charged peptide is detected with a 6 Dalton increment. The
latter peptide had been N-glycosylated [12]. Reprinted with permission from the
American Chemical Society.

e Each operation, proteolysis and exchange, can be carried out
under optimal conditions, time, detergents, pH, etc.

e Peptides, not proteins, are dried and redissolved in H'80.
Proteins are often hard to dry and harder to redissolve.

e Less of the expensive Hy'30 is required.

There are several advantages to be realized in the use of O-18
labels.

e Every peptide (except the original C-terminus of the protein)
is labeled.

e The labeling strategy may be combined with any affinity
method for peptide fractionation.

e Incubation of labeled peptides with N-glycopeptidase F in
H,'80 introduces a third O-18 label at positions where
N-linked carbohydrates have been released [12]. This is illus-
trated in Fig. 4.

e The presence of isotope labels in the carboxyl termini of pep-
tides facilitates the assignment of ‘y’ ions in spectra obtained
by tandem mass spectrometry (MSMS) experiments.

H?180

Serine-Enzyme

Fig. 3. Scheme illustrating the incorporation of two atoms of O-18 by reversible binding of peptides by members of the serine protease family.
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Fig. 5. Scheme for the multiplexed isobaric tagging strategy. The structure of methylpiperazine acetic acid N-hydroxy succinimide ester (top) is segmented to indicate
the regions that carry isotope labels. In the reaction scheme at the bottom, the isobaric labeled reagents are reacted with proteins or peptides from four different
samples, mixed, and analyzed by tandem mass spectrometry. Adapted from reference [19].

The use of immobilized trypsin or other protease allows the
use of a high concentration of enzyme and thus provides more
efficient exchange.

The use of immobilized protease allows the enzyme to be
removed readily to prevent back exchange [13,14].

The secondary product is water, rather than a contaminating
chemical. This increases sensitivity [15].

This exchange strategy has the disadvantage that the label is
not introduced until after the proteins have been cleaved to pep-
tides. Ideally, manipulation of the sample should be minimized
until the label is introduced. Thus, the bulk of the fractiona-
tion should be carried out at the peptide level [16]. Software
packages have been developed to provide computer-supported
recognition of isotope pairs and automated determination of
their ratios.

1.4. Isotope incorporation by chemical derivatization

Many strategies have been proposed to introduce isotopes by
chemical reactions at either the protein or the peptide level. Most
have been given acronyms, such as isotope coded affinity tags
(ICAT) [17], global internal standard technology (GIST) [18],
nitrobenzene succinyl reagent (NBS) [19] and isobaric tags for
relative and absolute quantitation (iTRAQ) [20]. Reagents for
several of these strategies are patented, only available commer-
cially, and expensive. The design of the iTRAQ reagents allows
quantitative comparison of four (or more) protein pools simul-

taneously [20]. In the scheme in Fig. 5 the reagent derivatizes
primary amine groups in four proteins or peptides with four
different derivatives, which all have the same total mass. The
four derivatized peptide ions are designed to fragment under
collisional activation in an MSMS experiment to produce four
productions with differing weights. These productions all weigh
less than 120 Daltons, as shown in the spectra in Fig. 6, and
are intended to fall into a clear spot in the MSMS spectra of
peptides.

There are a number of criteria for selecting a chemical isotope
labeling strategy, whose relative importance will vary, accord-
ing to the analytical objective. In addition to cost, ease and
speed of introduction, the effect on chromatographic separa-
tion, the number of peptides available from each protein, and the
mass difference between the labeled and unlabeled peptides may
be important. Thought should be given to possible changes in
hydrophilicity and desorption sensitivity. Procedures involving
chemical reactions should go to completion without introduc-
ing chemical contamination. It is desirable that the reaction be
applicable to samples of small size, and applicable in a high
throughput mode. In all cases, the investigator should strive for
100% incorporation of labels, and strategies that facilitate this
are desirable. Similarly, strategies are preferable, which per-
mit the parallel samples to be combined early in the process
of isolation and fractionation.

It should be pointed out that the precision of the measure-
ment of the isotope ratio and the dynamic range available for the
ratio will largely be determined by the mass spectrometer, and
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Fig. 6. Partial MSMS spectra of peptides from (left) an equimolar mixture of four protein samples, and (right) a 1:5:2:10 mixture of four protein samples, each
labeled with a different isotopically enriched derivative of methylpiperazine acetic acid N-hydroxy succinimide ester [20]. Reproduced with permission from the

American Society for Biochemistry and Molecular biology.

not by the isotopes or labeling strategy used [21]. The slower
scanning speeds available with laser desorption, compared to
HPLC-electrospray and nanospray, provide better ion statistics
and thus more accurate measurements of isotope ratios. Iso-
tope profiles may be better envisioned when higher resolution is
used, e.g., with Fourier transform mass spectrometry. However,
relative quantitation is often as accurate when lower resolution
analyzers are used.

1.5. Synthetic internal standards

The addition of synthetic internal standards has been used
for nearly 40 years for quantitation with mass spectrometry, and
is compatible with both LC-ES-MS and MALDI-MS for pro-
teomic analyses. In the most common application to proteomics,
peptides are selected, based on uniqueness, stability, sensitivity
to ionization techniques, etc., as surrogate markers for proteins
of interest, and internal standards are added to allow these pro-
teotypic peptides to be quantified. The best internal standards are
peptides that have identical sequences as the biomarker peptides,
and carry stable isotopic labels. The isotopes change the mass,
but not the chemical behavior. Isotope ratios of spiked peptides
and peptides obtained from protein biomarkers are measured by
mass spectrometry to provide a good estimate of the absolute
quantitation of the endogenous protein. This strategy to provide
absolute quantitation has engendered the commercial acronym
AQUA [22]. The use of internal standards allows multiple pep-
tides (and thus proteins) to be quantified in a single sample,
and facile quantitation of a particular peptide in multiple sam-
ples, e.g., at multiple time points. The approach is applicable
to quantitation of proteins in tissue samples as well as proteins
in solution [23]. Peptides with homologous sequences (and no
isotope labels) can also be used as internal standards, supported
by standard curves.

Isotope-labeled proteins provide even better internal stan-
dards, because they undergo fractionation and digestion along
with the biomarker proteins, and provide correction for losses
that occur before peptides are produced. Such proteins may be
provided from normal or recombinant cells grown in labeled
media.

1.6. Comparison of areas of deconvoluted HPLC peaks

Computer algorithms are under development to deconvolute
overlapping HPLC peaks in peptide mixtures, in order that peaks
can be matched in analyses of multiple peptide pools and peak
areas can be compared to provide relative quantitation without
the use of isotope labels [24-26]. This strategy has worked very
well for small molecules [27], and its capabilities and limits for
complex peptide mixtures are currently being evaluated. The use
of higher mass accuracy in mass spectrometry, and high resolu-
tion and reproducibility in the chromatography are expected to
facilitate deconvolution and inter-run correspondence in com-
plex peptide mixtures.
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