
Mass spectrometry–based proteomics turns 
quantitative
Shao-En Ong1 & Matthias Mann2

The field of proteomics is built on technologies to analyze large numbers of proteins—ideally the entire proteome—in the same 
experiment. Mass spectrometry (MS) has been successfully used to characterize proteins in complex mixtures, but results so 
far have largely been qualitative. Two recently developed methodologies offer the opportunity to obtain quantitative proteomic 
information. Comparing the signals from the same peptide under different conditions yields a rough estimate of relative protein 
abundance between two proteomes. Alternatively, and more accurately, peptides are labeled with stable isotopes, introducing 
a predictable mass difference between peptides from two experimental conditions. Stable isotope labels can be incorporated 
‘post-harvest’, by chemical approaches or in live cells through metabolic incorporation. This isotopic handle facilitates direct 
quantification from the mass spectra. Using these quantitative approaches, precise functional information as well as temporal 
changes in the proteome can be captured by MS.

Proteomics is a relatively new ‘post-genomic’ science with tremendous 
potential. In contrast to gene expression studies employing oligonucle-
otide chips (‘transcriptomics’), proteomics directly addresses the level 
of gene products present in a given cell state and can further char-
acterize protein activities, interactions and subcellular distributions. 
Proteomics has been successfully applied to areas as diverse as deter-
mining the protein composition of organelles, systematic elucidation 
of protein-protein interactions and the large-scale mapping of protein 
phosphorylation in response to a stimulus.

The term ‘proteomics’ was coined in the context of two-dimensional 
gel electrophoresis (2-DE)1. In 2-DE experiments, the staining pattern 
of proteins from two samples are compared and ‘up-’ and ‘downregu-
lated’ proteins identified. Protein staining also provides a rough idea 
of the relative amounts of each protein within the sample. However, 
2-DE has limitations, such as low resolution and bias against membrane 
proteins. Furthermore, the dynamic range of protein expression can 
vary by as much as 7 to 12 orders of magnitude within a biological 
sample like serum2,3, and 2-DE can only visualize the most abundant 
of these proteins. As a result, 2-DE gels have largely been superseded 
by MS-based proteomics. (For an overview of different aspects of MS-
based proteomics, see refs. 4–11, and for more specialized reviews on 
quantitative proteomics, see refs. 12,13.)

The dominant sample analysis workflow in proteomics utilizes 
site-specific enzymatic proteases such as trypsin to digest proteins to 
peptides14. Peptides are fragmented in the mass spectrometer and the 
resulting ‘MS/MS’ spectra are used to retrieve the corresponding pep-

tide sequence from a database. Protein identification is straightforward, 
as only two unique peptides are usually sufficient to recognize a protein. 
Successful detection and identification of protein-specific peptides con-
firm their presence within the sample. However, the failure to identify or 
detect a peptide does not necessarily mean that the protein is absent, as 
the peptides may simply be below the threshold of detection. Therefore, 
the Boolean nature of MS protein identification schemes provides a 
very limited picture of protein abundance in a sample. Thus, although 
sensitive MS-based proteomic approaches readily identify a large num-
ber of proteins, bypassing the gel-visualization step deprives us of any 
measure of protein abundance in the sample. Moreover, most changes 
resulting from a targeted perturbation of a biological system are only 
detectable if some quantitative information is obtained. Furthermore, 
biology in general and systems biology in particular increasingly require 
quantitative data as an input for modeling.

Quantitative data comes in two forms, the absolute amount of the 
protein in the sample or the relative change in protein amount between 
two states. Absolute quantification is the determination of the amount 
of the substance in question, for example, ng ml–1 of a biomarker or 
the copy number of a protein per cell. In relative quantification, the 
amount of a substance is defined in relation to another measure of the 
same substance, such as a fold change of protein abundance resulting 
from drug treatment. In principle, absolute quantification encompasses 
relative comparisons; if the absolute amounts of the proteins are known 
in two samples, their relative ratios can be calculated easily.

Proteomics researchers commonly try to extract at least some quan-
titative information from lists of protein identifications in an effort 
to rank the abundances of proteins in relation to each other within a 
single sample. For example, a protein’s score is a sum of identification 
scores of its peptides, and one might surmise that a high protein-
identification score would correlate with a higher abundance of that 
protein15. Perhaps surprisingly then, identification scores were found 
to provide a poor estimate of protein abundance even when tested 
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with simple mixtures of purified proteins16. This is because database 
search algorithms score peptides based on the numbers of matching 
sequence fragments rather than by their absolute intensities. Indeed, it 
is not unusual for a weak peptide signal to give a clear sequence ladder 
leading to a high identification score10,17. We therefore do not recom-
mend using database identification scores as a quantitative measure of 
protein abundance. Instead, more accurate ‘protein abundance indices’ 
(PAIs) based on various observable parameters have been developed. 
For instance, the number of peptides identifying a protein increases 
with increasing protein amount, and a larger protein will generate 
more measurable peptides than a smaller one. This is the basis of a 
simple PAI in which the number of observed peptides is normalized 
to the number of observable peptides for the protein under consider-
ation18,19. Ishihama et al. have noticed that the relationship between 
the number of peptides observed and the protein amount within a 
given sample is logarithmic, leading to the concept of an exponentially 
modified PAI (emPAI)20.

In an MS experiment, the intensity of the signal as the peptide elutes 
from the chromatographic column can be plotted over time (Fig. 1). 
The area under this curve is the extracted ion current (XIC) and, for 
the same peptide and experimental conditions, is linearly related to its 
amount. It is not possible to predict the MS detector response to any 
particular peptide because of unknown extraction and peptide ioniza-
tion properties and therefore XICs of different peptides of the same 
protein are also very different. However, the average of the three most 
intense peptide XICs of a protein is a quantitative measure, and this 
‘xPAI’16 has been used to distinguish between matrix and regulatory 
components of the centrosome21. These abundances can be extracted 
from the raw data with simple scripts and without additional data 
acquisition. PAIs provide rough estimates of protein abundance that 
are, in our experience, typically within a factor of 3 to 5 of the true 
value. Even this very modest accuracy can be very helpful in interpreting 
proteomic experiments, and indeed is comparable to that of staining 
approaches, as there can be a several-fold difference in the staining 
characteristics of different proteins.

There are major caveats of any quantitative method based on count-
ing peptides. Not all peptides are analyzable by MS; some are too small 
or large and fall beyond the mass range analyzed, while others may not 

be favorably retained on the chromatographic 
column during analysis. Furthermore, a direct 
measurement of abundance suffers from prop-
agation of quantitative errors resulting from 
variability in the processing steps required for 
MS analyses. Unknown losses occur at each 
step—beginning with preparation of the pro-
tein sample in a microcentrifuge tube, during 
sample introduction and the ionization pro-
cess, in transit from the source region to the 
detector, and ending with saturation of the 
detector. Quantitative measures that do not 
take such factors into account are affected by 
these nonsystematic errors and are therefore 
less accurate.

Fortunately, recent developments now 
overcome these issues and provide robust and 
practical tools for quantitative proteomics. We 
will first discuss methods based on comparing 
the ion currents of the same peptides in dif-
ferent experiments (ion current-based quan-
tification). We then turn to by far the most 
promising approaches, namely those involv-

ing stable isotope labeling, which permits direct comparison of two 
proteome states in the same analysis. We will also highlight exciting 
perspectives for functional proteomics based on these approaches.

XIC-based quantification
In order to improve on the simple presence or absence information 
provided by a purely qualitative experiment, we can integrate and com-
pare the intensities of the same peptides between two states. Although 
comparing intensities between different peptides is not possible because 
of different extraction yields during processing and different ionization 
efficiencies, these sources of error do not apply when comparing the 
same peptide in different chromatographic runs. The two proteomes 
to be compared are processed and analyzed one after another and in 
exactly the same way. This can be achieved with the aid of autosamplers 
and standard operating procedures. Intensities of the same peptide 
observed in two separate runs are compared to determine their relative 
abundance. In complex mixture analysis, not all peptides are selected 
for fragmentation in every run8. Therefore, a critical requirement is 
the ability to find and quantify the peptide in different runs, even if 
it has only been sequenced in one. Modern high mass accuracy and 
high-resolution mass spectrometers, as well as the development of the 
required software, now make this task much more feasible. Under such 
conditions, and if signal-to-noise ratios are good, greater than two-
fold changes can easily be measured. For peptide signals close to the 
background, the quantitative accuracy will mainly be determined by 
the variation in that background.

An obvious advantage of XIC-based quantification is that no label-
ing strategy is used and that it can be performed with any type of 
sample. Frequently, a rough and ready quantification as provided by 
this method will be sufficient to guide subsequent follow-up biologi-
cal studies or more accurate quantitative experiments. Clear disadvan-
tages are the multiple occasions for quantification error to occur during 
sample processing and analysis, as well as the presence of interfering 
substances (detergents, abundant background proteins) in one of the 
states to be compared. Some of these limitations can be minimized by 
normalizing between runs with spiked-in calibrants or by using abun-
dant nonchanging peptides as landmarks between runs (for example, 
see refs. 22,23). Because of the requirement for extremely reproducible 

Figure 1  Extracting quantitative data from mass spectra. Mass spectra are acquired, resulting in 
isotope clusters for each peptide (doubly charged peptide, black in top graph). As the peptide elutes 
from the column, the signal is sampled several times, forming the black curve in the right panel. 
The area under the black curve is the XIC, a measure that is proportional to the peptide’s abundance. 
The red isotope cluster is a heavy isotope–labeled analog of the black peptide, 4 Da higher in mass and 
present at 85% of the unlabeled peptide. The 85% ratio can also be determined by comparing 
the areas under the red and black curves. Several thousand such peptide XICs can be extracted from a 
data file obtained in typical complex mixture analysis.
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sample preparation, multistage sample purification protocols are not 
amenable to this quantification method.

Ion current–based quantification can be extended to provide a pro-
tein abundance profile to co-localize proteins in a fractionation proce-
dure analogous to western blotting for marker proteins and proteins of 
interest. For instance, Andersen et al. analyzed separate fractions of a 
sucrose density gradient fractionation of a centrosomal preparation21. 
The abundance of thousands of peptides was followed through several 
sucrose density fractions. Peptides derived from centrosomal proteins 
had maximum abundances in the same fraction and also showed the 
same protein abundance profile as a result of copurifying in the same 
sucrose density fractions. Background proteins, which vastly outnum-
bered the centrosomal proteins in this preparation, showed distinct 
protein profiles and were easily distinguished. This method, termed 
protein correlation profiling (PCP)21, can be applied to determine the 
constituents of any protein assembly that can be enriched, but not puri-
fied to homogeneity (Fig. 2).

The important problem of phosphorylation stoichiometry has also 
been addressed by XIC-based quantification. Signal intensities of non-
phosphorylated and phosphorylated peptide forms were measured. 
Then these levels were remeasured after changing the stoichiometry of 
phosphorylation (by dephosphorylation or in another experimental 
condition). As the amount of phosphorylated and nonphosphorylated 
peptide must add up to the same value in both experiments, the relative 
ionization efficiency and hence the stochiometry of the phosphopep-
tide can be determined24–26.

Stable isotope labeling in MS-based quantification
For several decades, metabolic studies have used MS combined with 
stable isotope labeling for quantification27. Analogs of the drug to be 
tested are synthesized with nonradioactive isotope labels such as 13C, 
15N and 2H, and a known quantity of the analog is introduced into the 
sample. Since their ionization efficiencies are the same, both forms 
produce the same MS response signal in the mass spectrometer, only 
offset by the mass difference introduced by the stable isotopes (Fig. 1). 
This highly accurate method of quantification has recently also become 
the gold standard of MS-based proteomic quantification. Importantly, 
stable isotope labeling allows the use of matrix-assisted laser desorp-
tion-ionization (MALDI) instrumentation in quantitative studies. 

MALDI is not normally an ionization technique suited for quantifica-
tion because of the large dependence of signal intensity on analyte-
matrix co-crystallization conditions. However, since the isotopic pair 
behaves identically, quantification is unaffected. On the other hand, 
surface-enhanced laser desorption-ionization (SELDI, for a review, see 
ref. 28), a derivative of MALDI, is not amenable to quantitative studies 
because of the low mass resolution of the instruments employed and 
the fact that whole proteins rather than peptides would have to be 
chemically modified (see below).

Several methods have been developed for stable isotope-based quan-
tification in proteomics which are mainly distinguished by the way 
stable isotope labels are introduced into the peptide or protein. They fall 
into the categories of (i) spiking in an isotopically labeled analog, (ii) 
incorporation through an enzyme during protein digestion, (iii) intro-
ducing a chemical, isotopically labeled tag onto peptides or proteins 
and (iv) having cells incorporate the label metabolically. These four 
methods will be considered in turn below. Regardless of the method 
chosen for labeling, the mass difference imparted by the stable isotope 
atoms should at least result in a 3- or 4-Da mass shift of the ‘heavy’ 
from the ‘light’ peptide, to minimize quantitative errors from isotopic 
overlap (Fig. 1). Deuterated peptides can separate in reversed-phase 
chromatography29, and therefore the more expensive 13C- and 15N-
based reagents may be preferable (these exhibit significantly less separa-
tion, most often coeluting). The quantitative ratios can be determined 
from a relative comparison of signal intensities within a single MS scan 
(in the case of coeluting peaks) or with peak areas determined from 
XICs of the heavy and the light peptide. In either case, the exact same 
experimental conditions prevail for both forms, leading to accurate 
determination of the ratios.

The simplest approach for the introduction of stable isotope-labeled 
peptides is to chemically synthesize them and ‘spike’ known quanti-
ties into the sample as internal standards. This was demonstrated by 
Desiderio and co-workers in the early 1990s for the quantification of 
neuropeptides30, in extension of the well-established stable isotope–
dilution approaches used in the pharmaceutical industry for the quan-
tification of small molecules. Gygi and co-workers use this absolute 
quantitation (AQUA) strategy to quantify the phosphorylation status 
of separase during the Xenopus cell cycle31. This approach could be 
applied to the quantification of candidate biomarkers in body fluids 
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(for example, see ref. 32). To reduce interference from background ions, 
quantification can be performed on specific fragments of the peptide 
generated in the mass spectrometer using selected- or multiple-reaction 
monitoring (SRM or MRM, respectively; in these methods, the MS is 
set to detect a preprogrammed precursor-fragment combination with 
very high sensitivity and specificity)33,34. The internal peptide standard 
is introduced at a late stage in the sample processing workflow during 
or after protein digestion. Any prior quantitative variations are not 
corrected by the internal standard35. Because suitable internal stan-
dards need to be identified and synthesized, this approach is usually 
limited to a small number of preselected proteins. However, Aebersold 
has suggested the generation of reagents for every protein which would 
then allow quantification of whole proteomes36. The daunting task of 
synthesizing tens of thousands of peptides might be alleviated by recent 
proposals to generate them by metabolic incorporation37.

The stable isotopes necessary for quantification can also be introduced 
into the peptides by the protease degrading the protein to a peptide mix-
ture38–40. The water molecule introduced during trypsin digestion will 
contain 18O if the digestion is performed in H2

18O water. However, one 
or both carboxyl oxygens may be exchanged, leading to variability in the 
quantification. If only one 18O atom is incorporated (such as by the use 
of endoproteinase Lys-N41), the mass offset of 2 Da is not sufficient to 

separate the isotopic envelopes, complicating quantification. As a result, 
the 18O method has not been widely applied in quantitative proteomics. 
Postdigestion incubation of peptides with protease in a small volume of 
H2

18O water42,43 or deactivating the protease through a reduction and 
alkylation step44 may lead to more widespread use.

Chemical tagging approaches in MS-based quantification
Another approach to introduce stable isotope labels is to chemically 
modify the two proteomes under study—one with a light and the 
other with a heavy chemical reagent. In chemical modification–based 
approaches, stable isotope–bearing chemical reagents are targeted 
toward reactive sites on a protein or peptide (Table 1). The prototypi-
cal example is the isotope-coded affinity tag (ICAT) described in 1999 
by Aebersold and co-workers45. The ICAT reagent consists of a reactive 
group that is cysteine-directed, a polyether linker region with eight 
deuteriums, and a biotin group that allows recovery of labeled peptides. 
In the classical ICAT experiment, isolated proteins from the experiment 
and control are denatured, reduced and modified with the heavy or 
light ICAT reagent, respectively. The combined proteomes are digested 
and labeled peptides are isolated with an avidin column. ICAT-labeled 
peptides are eluted from the column and quantified with MS. Because 
only cysteine-containing peptides are isolated, peptide mixtures are 
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less complex, which can be an advantage for 
quantification of complex mixtures. On the 
other hand, some proteins contain no cyste-
ines and others have to be quantified on the 
basis of a single peptide. The large ICAT tag 
significantly influences fragmentation spectra, 
complicating peptide identification, and the 
deuterium tag results in separation of light 
and heavy peptides in reversed-phase chroma-
tography. Subsequent iterations of the ICAT 
approach made the method more practical by 
substituting a cleavable and coeluting tag46–48. 
A related method, HysTag, uses a 6× histidine 
tag to allow enrichment, a 2-thiopyridyl disul-
fide group to react with thiols, a deuterium-
labeled alanine and a tryptic cleavage site to 
limit the size of the tag49. This peptide reagent 
has been used to quantify cell-surface proteins 
in mouse brain50.

With multiple reactive functional groups 
available in a given polypeptide chain and a 
choice of different labels, the actual design 
of the quantitative tag can be varied to suit 
almost any whim or fancy. This had led to a 
tremendous number of chemical-labeling 
methods described in the literature (Table 
1). Notably, relatively few of these chemical 
modification methods have been applied in 
real experimental biology. This is largely due 
to the nonspecificity and incomplete labeling resulting from certain 
modification chemistries, which complicate MS identification as 
well as quantification. Even small amounts of side reactions lead to 
a tremendous increase in the complexity of the peptide mixture to 
be analyzed: a 0.1% side reaction of a major component could still be 
much more abundant than the proteins of interest. Chemical reactions 
that require several purification steps are generally incompatible with 
high-sensitivity proteomics experiments. Chemistries instead need 
to be extremely specific, proceed to completion and involve minimal 
sample handling.

Apart from cysteine’s sulfhydryl group, the primary amines or the 
carboxylic groups have been successfully labeled (Table 1). Amino and 
carboxyl group–directed approaches can, in principle, quantify every 
observed peptide. In particular, relative changes in the level of post-
translational modifications can also be quantified as modified peptides 
are also quantifiable.

Carboxylic groups (side chains of aspartic and glutamic acids as well 
as carboxyl termini) can be modified in a simple permethylation esteri-
fication reaction. For quantification, the reaction is carried out with 
either d0 or d3 methanol51. Ficarro et al. blocked acidic groups with 
the same reaction to prevent unspecific binding while purifying phos-
phopeptides on immobilized metal affinity columns52. In this scheme, 
quantification of phosphopeptides by d3-esterification is accomplished 
without any additional steps53. It is important to drive esterification to 
completion, especially in peptides with several acidic residues12,54.

Reactions with primary amine groups (lysine and amino termini) can 
be specific and largely complete. The sample can be derivatized either 
at the protein or peptide level with amine-directed reagents. Peptides 
will generally have one label for the amino terminus as well as one for 
each internal lysine (trypsin will not cleave at derivatized lysines). James 
and co-workers use succinylation to protect the amine group on lysines 
and label amino termini of peptides with d0 or d4-nicotinoyloxy suc-

cinimide (d0/d4-Nic-NHS) esters55. Several other chemical-modifica-
tion strategies targeting the amino groups have been developed56–58. A 
method that has recently gained popularity employs the isobaric Tag 
for Relative and Absolute Quantitation (iTRAQ). iTRAQ uses the same 
NHS chemistry mentioned previously, but adds an innovative concept, 
namely a tag that generates a specific reporter ion in fragmentation 
spectra59. There are four tags that produce fragment ions of mass 114, 
115, 116 or 117 Da but, through a carbonyl balance group, add up to 
the same mass. Because labeled peptides from different states are iso-
baric, the mass spectra are relatively simple, and differential behavior 
is only revealed in fragmentation spectra. Moreover, this multiplexing 
strategy allows analysis of four separately labeled pools of protein in 
a single analysis, increasing analytical throughput. The method has 
been combined with offline liquid chromatography onto sample plates, 
which are interrogated by matrix assisted laser desorption-ionization 
time-of-flight instruments capable of peptide fragmentation (MALDI-
TOF-TOF). An advantage of offline sampling by MALDI is the ability to 
reexamine fractions of special interest and acquire additional quantita-
tive information. With iTRAQ, good peptide separation is important, 
as coeluting peptides of similar mass would contribute to the same 
reporter ions, complicating quantification.

In some approaches, the mass offset necessary to distinguish peptides 
from the two states is achieved by derivatization with two chemically 
different tags rather than an isotopic variant of the same tag (Table 1). 
For example, lysines may be derivatized with an amidine label that only 
differs by a methylene group. Although economical, these strategies 
can severely compromise accuracy of quantification because the two 
different tags generally have different reaction rates toward substrates, 
have distinct retention characteristics in chromatography and confer 
different ionization and extraction efficiencies upon derivatized pep-
tides. If such strategies are used, the experiment should, at a minimum, 
be repeated using reverse labeling.
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Metabolic incorporation of stable isotopes
The other major class of labeling depends on metabolic incorpora-
tion of the stable isotope. This approach has been used for decades for 
quantification and trace monitoring of metabolites with radioactive 
isotopes. The critical distinction here is that unlike a pulse-chase experi-
ment with a small amount of a radioactive tracer, metabolic labeling for 
quantitative proteomics replaces whole, unlabeled protein populations 
with stable isotope–labeled versions before the start of the experiment. 
To achieve this, metabolic precursors bearing stable isotopes are intro-
duced in growth media of living cells. Through cell growth and protein 
turnover, these stable isotope–labeled precursors are incorporated into 
all cellular proteins. The number of stable isotope atoms introduced is 
constrained by the chemical structure of these metabolic precursors. 
Cells are grown in light and heavy media, giving rise to two cell popula-
tions, distinguishable only by MS.

A principal advantage of metabolic incorporation over chemi-
cal labeling is that the label is present in live cells. Cells from state 
A and state B can be mixed before lysis, fractionation and purifica-
tion, meaning that accuracy of quantification will not be affected by 
these steps (Fig. 3). The absence of side reactions, due to the very 
high specificity of enzymatic reactions, is another advantage of meta-
bolic labeling.

In 1998, Langen made use of 15N- and 13C-labeled precursors for the 
quantitative comparison of proteins with 2-DE gels60. This was closely 
followed in 1999 by the quantification of yeast phosphopeptides by Oda 
et al. with 15N-labeling61 and the quantification of a mammalian cell 
line by Smith and co-workers62. 15N-labeling of simple organisms like 
bacteria and yeast through the use of 15N-ammonium salt results in 

the complete labeling of amino acids within 
these cells—every peptide observable in MS 
is therefore quantifiable. These 15N-labeled 
microorganisms can in turn be fed to small 
organisms such as Caenorhabditis elegans, 
Drosophila melanogaster63 and even a rat has 
been labeled by feeding it 15N-labeled algae64. 
Wu and co-workers observed that labeled 
protein pools in their labeled rat did not reach 
complete incorporation even after an extended 
feeding regime64. Though a tantalizing pros-
pect, the cost of labeling small mammals with 
stable isotopes is very high. Therefore, to avoid 
labeling multiple animals, sample from a sin-
gle labeled animal was mixed in with separate 
experimental animals, in effect serving as an 
internal standard.

There are however, some caveats in 
using 15N labeling. The mass difference 
introduced between the unlabeled and the 
labeled form of the peptide depends on the 
amino acid sequence of the peptide in ques-
tion. Although this additional information 
determines the number of nitrogen atoms 
and thus adds specificity in peptide identifi-
cation, presently available peptide identifi-
cation programs do not handle 15N-labeled 
samples appropriately. It is also important 
to use extremely enriched nitrogen to avoid 
complicated isotopic distributions result-
ing from partially labeled peptides because 
of the substantial number of nitrogens in a 
typical peptide.

Stable isotope labeling by amino acids in cell culture (SILAC)65 
has proven to be a simple yet very powerful approach to quantitative 
proteomics. Amino acids containing stable isotopes, such as arginine 
bearing six 13C atoms, are supplied in growth media, thereby intro-
ducing this heavy amino acid to newly synthesized polypeptides in a 
sequence-specific fashion. Metabolic labeling with radioactive amino 
acids for a short period of time (pulse-chase labeling) has long been 
employed in biological research. SILAC differs from this approach in 
that it does not involve radioactive material, labels two proteomes to 
completion and employs MS as the readout. In proteomics, labeled 
amino acids have previously been used to increase specificity in iden-
tification schema66,67 but have only recently been applied to quantifica-
tion65,68,69. The SILAC procedure simply consists of growing two cell 
populations in media, containing either a light or heavy form of an 
essential amino acid. After several cell doublings, the complete cellular 
proteome will incorporate the supplied amino acid in each protein of 
the proteome (even proteins with no turnover will be diluted to a few 
percent after five cell doublings). Every peptide pair is separated by 
the mass difference introduced by the labeled amino acid. Accuracy of 
quantification is only limited by the peptide signal observed (apart from 
biological variation) and, for abundant proteins, can be as low as a few 
percent70. Several amino acids have been used in the SILAC approach. 
Leucine labels approximately 70% of tryptic peptides65,71 and is avail-
able in an economical deuterated form, although the deuterium-labeled 
pairs may separate considerably (as much as a minute) in reversed phase 
chromatography. SILAC labeling with arginine and lysine while digest-
ing with trypsin results in labeling of every peptide but the carboxyl-
terminal peptide of the protein72, as does labeling with lysine when 
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Vimentin        GGAYVTRSS-AVRLRSSVPGVRLLQDSVDFSLADAINTEFKNTRTNEKVELQELNDRFAN 116 
Desmin          GGAGGLGSLRSSRLGTTRAPSYGAGELLDFSLADAVNQEFLATRTNEKVELQELNDRFAN 120 
 
Vimentin        YIDKVRFLEQQNKILLAELEQLKGQGKSRLGDLYEEEMRDVRRQVDQLTNDKARVEVERD 176 
Desmin          YIEKVRFLEQQNAALAAEVNRLKGREPTRVAELYEEEMRELRRQVEVLTNQRARVDVERD 180 
 
Vimentin        NLAEDIMRLREKLQEEMLQREEAESTLQSFRQDVDNASLARLDLERKVESLQEEIAFLKK 236 
Desmin          NLIDDLQRLKAKLQEEIQLREEAENNLAAFRADVDAATLARIDLERRIESLNEEIAFLKK 240 
 
Vimentin        LHDEEIQELQAQIQEQHVQIDVDVSKPDLTAALRDVRQQYESVAAKNLQEAEEWYKSKFA 296 
Desmin          VHEEEIRELQAQLQEQQVQVEMDMSKPDLTAALRDIRAQYETIAAKNISEAEEWYKSKVS 300 
 
Vimentin        DLSEAANRNNDALRQAKQESNEYRRQVQSLTCEVDALKGTNVSLERQMREMEENFALEAA 356 
Desmin          DLTQAANKNNDALRQAKQEMMEYRHQIQSYTCEIDALKGTNDSLMRQMRELEDRFASEAN 360 
 
Vimentin        NYQDTIGRLQDEIQNMKEEMARHLREYQDLLNVKMALDIEIATYRKLLEGEESRISLPLP 416 
Desmin          GYQDNIARLEEEIRHLKDEMARHLREYQDLLNVKMALDVEIATYRKLLEGEESRINLPIQ 420 
 
Vimentin        TFSSLNLRETNLESLPLVDTHSKRTLLIKTVETRDGQVINETSQHHDDLE 466 
Desmin          TFSALNFRETSPEQR-GSEVHTKKTVMIKTIETRDGEVVSEATQQQHEVL 469 

Figure 4  Quantification of proteins with extensive sequence identity. Mouse myoblast C2C12 cells 
were differentiated into myotubes and measured in a SILAC experiment. Peptides unique to vimentin 
(blue) show a ratio of 1.7, peptides unique to desmin (orange) show a ratio larger than 10 and peptides 
common (red) to the two proteins show an intermediate ratio.
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digested with Lys-C73. Amino acids of special interest such as tyro-
sine74 or methionine75 can also be labeled. S-adenosylmethionine is the 
primary methylation donor in biological systems; therefore, labeling 
the methionine results in labeling sites of protein methylation. This 
can be used to directly quantify relative levels of protein methylation75. 
Note that arginine is an essential amino acid in cell culture76 and that 
some nonessential amino acids can be incorporated by offering a large 
excess to the cell or microorganism. If a microorganism is amenable 
to genetic manipulation, however, a general method for SILAC label-
ing is the generation of auxotrophic strains, such as Arg–/Lys– double 
auxotrophic yeast77.

SILAC labeling for quantitative proteomics is a simple process. The 
only necessary step is the preparation of the growth media. Any medium 
formulation can be adapted for use in SILAC as long as the supple-
mented labeled amino acids are the only available source to growing 
cells. For that reason, dialyzed serum is used in SILAC. Some cell lines 
do not grow well in dialyzed serum, most likely because of the loss of 
essential growth factors during the dialysis process. Combining dialyzed 
serum with a small amount of normal, undialyzed serum can allevi-
ate this problem78 and only introduces small quantification errors. We 
have observed that arginine can metabolically interconvert to proline 
in some cell types70. This interconversion can be minimized by titrating 
the amount of arginine used in media. Alternatively, peptides contain-
ing proline can be excluded from quantification. We generally recom-
mend titration of the SILAC amino acids for economic reasons (even 
though it is generally not the most expensive component in SILAC 
media). We maintain a website with practical information about SILAC 
(www.biochem.mpg.de/mann/), and SILAC protocols have recently 
been published79,80.

Although chemical or enzymatic approaches are usually used to 
quantify between the tissues of two animals, it has recently been shown 
that it may also be possible to use SILAC for that purpose. Oda and 
co-workers’ have developed the culture-derived isotope tags (CDIT) 
approach, which uses SILAC labeled cells as the bridging internal stan-
dard between two tissue samples81. Impressively, they quantify more 
than 90% of approximately 1,000 proteins identified from mouse brain 
with SILAC labeled Neuro2A cell line as internal standards. The advan-
tages of this approach over a chemical-modification method include the 
lack of any special sample processing and relatively low cost compared 
with chemically labeling milligram quantities of protein, which requires 
large amounts of chemical reagent.

Why and when to use quantitative proteomics
Profiling the transcriptome with DNA chips is a widespread and power-
ful method of functional genomics. Current technology, though still 
imperfect, permits monitoring of whole transcriptomes and process-
ing of large numbers of samples in standard experimental formats. In 
contrast, quantitative proteomics is still far from characterizing whole 
proteomes comprehensively and is comparatively low throughput. 
However, biological processes are mainly controlled by proteins, and 
mRNA is merely a proxy for determining protein abundance. Many 
factors apart from mRNA abundance determine the levels and activi-
ties of proteins, including regulated destruction of proteins and post-
translational modification. Therefore, it is desirable and often necessary 
to study proteins directly or to compare protein and mRNA levels. 
Quantitative proteomics has the potential to provide a more accurate 
picture of protein-directed biological processes than measurements at 
the mRNA level.

In principle, global levels of protein abundance could also be mea-
sured by protein microarrays (for example, see refs. 82,83). These would 
use capture antibodies in a chip layout similar to DNA arrays. However, 

it has been difficult to obtain a global set of capture reagents against 
the whole proteome and to ensure the requisite specificity. These and 
other technical difficulties have so far prevented widespread adoption 
of this approach, and at this point, MS appears to be the most powerful 
approach to quantitative proteomics.

What does it mean to quantify a protein in proteomics?
It is now widely recognized that the proteome is much more com-
plex than the genome and transcriptome. Often, a single gene gives 
rise to several protein isoforms with different tissue specificity and/or 
expression, and gene families give rise to proteins with closely related 
sequences. Importantly, these different protein forms can mediate dif-
ferent functions and can be regulated differentially. DNA arrays do 
not typically capture such subtleties, and the standard quantitative 
proteomics approaches also fail to do so. This is a recognized prob-
lem in protein identification, as peptides unique to an isoform may or 
may not have been identified84,85. There is the analogous pitfall when 
quantifying proteins with extensive sequence identity (Fig. 4). As can 
be seen in the figure, the two proteins show very different fold changes, 
as revealed by peptides unique to them, whereas shared peptides exhibit 
an intermediate ratio.

The statistical reliability of quantitative proteomics is a central 
question when reporting results in the literature. Generally, high-
resolution mass spectrometers help in separating signal from back-
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Figure 5  Identification of specific bait-prey interactions in affinity-
precipitation experiments. In a coprecipitation experiment, the goal is to 
identify proteins that bind differentially to wild-type and mutant baits. 
When performed in combination with quantitative proteomics, proteins that 
bind unspecifically to the affinity support or beads will show ratios similar 
to the mixing ratio. Proteins that bind specifically to the bait or secondary 
interactors will give a ratio indicative of increased binding and enrichment. 
Repeating the experiment with switched labels should result in inverse 
ratios, further increasing the specificity of the assay.
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ground as well as from coeluting peptides with similar mass; high-
sensitivity instruments help in increasing signal of weak peaks, and 
instruments with a fast sequencing cycle allow quantification of the 
protein on the basis of several peptides. Because accuracy of quantifica-
tion is mainly influenced by signal-to-noise, larger peaks can be quan-
tified more accurately than smaller peaks, and one cannot necessarily 
state a common significance threshold for the entire experiment.

Statistical validity of reported quantification results can be based 
on the standard deviations obtained in separate runs, from different 

peptides quantifying the same protein and, for a single peptide, from 
consecutive scans of coeluting peptide pairs. Ideally, all sources of vari-
ability in quantification should be tracked, and a compound standard 
deviation should be determined. Because quantitative proteomics is a 
relatively new field, no consensus on how to report statistical confidence 
has been agreed upon. Further research and standards in this area are 
urgently needed to ensure quality and transparency. In any case, report-
ing protein fold changes either without any error intervals or with error 
intervals only for the whole experiment is not acceptable. Several open-
source software packages help in the determination of these ratios, in 
either a completely automated process86,87 or a process allowing user 
intervention (MSQuant88). Because the human brain is an excellent 
judge of visual patterns, human intervention can help in the quantifica-
tion of important but low-level, noisy or overlapping signals.

Functional studies with quantitative proteomics
The concept of differential display proteomics had its start with classical 
2-DE strategies to identify differences in gel patterns. MS-based quan-
titative proteomics’ first applications had also developed along these 
lines86,89, and it is still widely used for protein profiling (for example, 
see refs. 90,91). Although differential display can provide important 
insights into molecular differences from diseased and normal cells, it 
is often difficult to tell primary causes apart from secondary effects. 
Quantitative proteomics uniquely allows the development of targeted 
assays that can more directly lead to understanding of biological mecha-
nism than these large-scale protein profiling experiments. This will be 
illustrated with two areas in which quantitative proteomics has been 
applied very successfully, namely interaction proteomics and measuring 
the temporal aspects of proteomes.

Interaction proteomics
Mapping protein interaction partners is an excellent starting point in 
trying to understand a protein’s function. These interaction partners 
may directly implicate the protein in a cellular process. Interaction 
maps of the yeast proteome have already been obtained by MS-based 
proteomics92,93. However, such assays can be challenging, as interact-
ing partners could be expressed endogenously at low levels in cells, 
interactions may be transient and a large background of coprecipitat-
ing proteins may be present. With biochemical purification, one always 
has to contend with the tradeoff between sensitivity and specificity. 
While trying to increase specificity in such pull-downs, one could 
increase the washing steps to remove contaminating proteins. This 
rapidly leads to a diminishing number of purified proteins and even 
potentially losing true interacting partners along the way. Quantitative 
proteomics can break this yin and yang of protein biochemistry94,95 
(Fig. 5). Briefly, bait and a closely related control are separately incu-
bated with cell lysate. Proteins interacting with bait and control are 
differentially labeled (by chemical or metabolic labeling) and com-
bined. Background proteins bind equally to bait and to control and 
therefore lead to one-to-one ratios, whereas specific interactions with 
the bait result in differential ratios. This principle can be applied to 
any class of affinity purification, including protein-protein, protein-
oligonucleotide and protein-drug48 interactions.

Temporal dimension in proteomics
So far, proteomics has provided static pictures of cellular proteomes. 
The study of temporal changes is especially interesting as it effectively 
converts our observation of biological processes from a ‘snapshot’ to 
that of a ‘molecular movie’. In order to capture the temporal dimension 
of events occurring within the cell, experiments have to be compared 
over a set of varying time points. This is both time consuming and 
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Figure 6  Temporal changes in the nucleolar proteome upon transcriptional 
inhibition. The SILAC two-state metabolic labeling experiment can be 
extended to triple encoding with three forms of arginine (12C6

14N4-Arg, 
13C6

14N4-Arg, 13C6
15N4-Arg) to label three cell states, allowing their 

quantification in a single MS analysis. Each triplet represents the abundance 
of the corresponding protein in the three proteomes (transcription-inhibited 
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(data not shown). The ratios from both experiments are combined, 
generating the curve in the lower panel. In this example, a protein is 
recruited into the nucleolus as a result of transcriptional inhibition.
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laborious. Multiplexing these analytical techniques has obvious ben-
efits, as experiments can be designed to compare two experimental 
states to a control at the same time or to study a time course of pertur-
bation. Blagoev et al. used three different forms of arginine in SILAC to 
compare the phosphotyrosine proteome at five different time points of 
EGF stimulation96. This resulted in temporal profiles for virtually the 
entire EGF-induced phosphotyrosine-proteome. White and co-workers 
employed iTRAQ to determine phosphorylation changes at four time 
points of EGF treatment and clustered these kinetic curves with self-
organizing maps97. Andersen et. al.73 studied the dynamic composition 
of a large organelle—the human nucleolus, in response to transcrip-
tional inhibitors and various other drugs (Fig. 6). Intriguingly, small 
and large subunits of the ribosome leave the nucleolus at quite different 
rates, and proteins in functional or physical subcomplexes show cor-
related temporal profiles. Time courses of protein synthesis can also be 
obtained by metabolic labeling methods in quantitative proteomics by 
measuring the incorporation of the metabolic label98.

Perspectives
As we have shown, powerful methods for quantitative proteomics have 
now been developed, and we predict that some form of quantifica-
tion will soon be a necessity in virtually all proteomics experiments. 
With the increasing speed and sensitivity of MS instruments, purely 
qualitative analyses are increasingly difficult to interpret. Quantitative 
proteomics allows us to distinguish pertinent changes from background 
proteins and thereby simplifies biological understanding and follow-up 
of functional experiments.

Specific challenges for quantitative proteomics remain. To enable 
truly proteome-wide quantification, already impressive MS instrument 
performance has to be further improved. For example, at least 10,000 
peptides in the yeast proteome will have to be quantified in a single 
analysis. To quantify low-level putative biomarkers in human body flu-
ids, the dynamic range has to be increased by at least 100-fold. Many 
of these advances can be achieved through improved MS instrumenta-
tion, more intelligent algorithms and software, whereas more extensive 
sample fractionation is incompatible with high-throughput analyses. 
However, it should be kept in mind that virtually all successes of the 
field have come not from brute-force analyses, but from clever applica-
tion of quantitative principles to focus on a functionally relevant subset 
of the proteome. Where do chemical biologists fit into this picture of 
quantitative proteomics? On the one hand, they are vital for developing 
the necessary chemical-labeling reagents as described above. On the 
other hand, many of their ‘chemical proteomics’ strategies for targeting 
specific protein classes99,100 would also be enhanced tremendously by 
the quantitative proteomics technologies described in this review.
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