
 

 

 University of Groningen

Chemical labeling for the analysis of proteins, peptides and metabolites by mass
spectrometry
Abello, Nicolas Jean-Robert

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2009

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Abello, N. J-R. (2009). Chemical labeling for the analysis of proteins, peptides and metabolites by mass
spectrometry. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/058bb0e8-7eaa-4da0-8b5b-972dc9749be9


1 

 

 

Chapter 1 

 

General Introduction 

 

 

 

 

 

 

 

 

Parts of this chapter have been adapted from two peer-reviewed articles 
published in Analytical Chemistry (2008)1 and Analytical Biochemistry (2006),2 and 
corresponding to the chapters 4 and 6 of the present thesis, respectively. 
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1. STABLE ISOTOPE LABELING 

Stable isotope labeling (SIL) in combination with Liquid Chromatography – 
Mass Spectrometry (LC-MS) is one of the most widely used quantitative analytical 
methods due to its sensitivity and ability to deal with extremely complex biological 
samples. SIL compensates for variations that can arise because of (1) the fact that 
different compounds do not ionize with the same efficiency, (2) ionization suppression, 
that may occur when several compounds co-elute and thus “compete” for ionization, and 
(3) the fact that slight variations of parameter settings of the instrument and slightly 
changing chromatographic conditions between different LC-MS runs can affect the 
magnitude of the resulting signals. Importantly inclusion of stable isotope labeled 
standards prior to sample handling and sample preparation corrects for losses during 
these steps. SIL allows to perform direct comparison between different samples by 
quantifying labeled species in a single LC-MS run, which increases sample throughput 
next to avoiding run-to-run variability. Moreover, isotopically labeled internal standards 
can be used to perform absolute quantification that is less prone to matrix-dependent bias 
than when structural analogues are used as internal standards. The present chapter does 
not claim to give a complete overview over the multitude of stable isotope labeling 
techniques but will mention the most widely used approaches for proteins and peptides. 

In order to allow the study of highly complex samples such as proteome-derived 
peptide mixtures, SIL reagents will be most useful when (1) all species investigated in a 
sample (e.g. peptides) are labeled, (2) a mass difference is created between labeled 
isoforms of these species that precludes spectral overlap, (3) labeling is quantitative, (4) 
isotopic isoforms can be enriched, (5) sample treatment after labeling is minimal, (6) 
spectral interpretation is not affected by the presence of residual labeling reagent, (7) 
ionization efficiency is enhanced by labeling, (8) labeling does not cause a shift in 
chromatographic retention time, (9) labeling allows multiplexing of more than two 
samples, and (10) the method can be used with all types of biological systems (e.g. whole 
organisms, including humans).3 

Stable isotopes can be incorporated during protein biosynthesis (metabolic 
labeling), by chemical labeling following protein extraction or after proteolytic digestion 
at the peptide level or through the enzymatic incorporation of 18O. Metabolic labeling 
based on the incorporation of 15N from the nitrogen source during cell growth is 
particularly suitable for microorganisms such as bacteria or yeast.4 Another more recent 
technique relies on the use of stable isotope labeled amino acids in cell culture (SILAC) 
and is well suited for mammalian cells.5-7 Successful proof-of-concept studies of metabolic 
labeling in which entire higher organisms (the nematode Caenorhabditis elegans and the 
fruit fly Drosophila melanogaster) were metabolically labeled for quantitative proteomics 
have also been described.5, 8 SILAC has the advantage that after a few rounds of cell 
duplication, proteomes are fully labeled and ready for analysis. However, metabolic 
labeling is obviously not applicable when it comes to comparing protein levels in clinical 
samples such as biopsies or body fluids. For such studies, chemical or enzymatic labeling 
has to be used.  

According to a recent review,9 there are a number of chemical methods to label 
proteins and peptides, some of which may also be applied to metabolites. The labeling 
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methods can be roughly divided into those requiring tandem mass spectrometry 
(MS/MS) and those working at the single MS level. Widely used methods for SIL are: 
ICAT,10 endopeptidase-catalyzed incorporation of 18O water11 (both MS-based), ICPL,12 
iTRAQ13 and ExacTag14 (all MS/MS-based). 

The iTRAQ, ICPL and ExacTag reagents are isobaric tags intended for peptide 
quantification in MS/MS mode after amine labeling (ExacTag can also target thiols). 
While quantification in MS/MS mode has the advantage of a much lower background 
than in the MS mode, only certain peptides are selected for MS/MS and thus quantified. 
Co-eluting low-abundance peptides are therefore likely to be missed. Moreover, a given 
peptide will not necessarily be selected for MS/MS at its peak apex, whereas the mass 
spectrum can be averaged over the entire peptide peak in MS mode. Using MS/MS-based 
methods with high-complexity mixtures may also produce errors due to ‘crosstalk’ 
between co-eluting peptide ions of which the m/z value falls within the target m/z 
window.15 The MS/MS-based methods are furthermore not optimal for ion trap 
instruments, which are not able to trap ions efficiently at both high and low m/z values.15 
Finally, these tags have been specifically designed for peptide analysis. Small molecules 
may be labeled and quantified with these labels but the risk of daughter ion interference 
with the reporter ions cannot be ruled out. 

MS-based quantification methods use reagents that are also directed at thiols or 
primary amines with exception of labeling of the carboxy terminus of peptides with 18O. 
The 18O labeling technique is based on the exchange of one or two 16O atoms at the C-
terminal carboxylic acid of peptides against 18O under the action of endopeptidases.11, 16 
While endopeptidases normally exchange two oxygen atoms (e.g. trypsin, Glu-C), the 
exchange reaction is not always complete for all peptides resulting in rather complex 
isotopic envelope patterns.17, 18 Choosing an enzyme that exchanges only one 18O atom 
(e.g. Lys-N)19 results in a 2-Da shift that may not be sufficient to separate multi-charged 
isotopologues unless high-resolution mass analyzers are used. Moreover, the overlap of 
the isotope envelopes requires dedicated algorithms to extract the quantitative 
information. Finally this method is only applicable to proteomics studies and 
multiplexing is not possible. 

The ICAT reagents contain an iodoacetamide moiety that reacts with thiols, i.e. 
cysteines in proteins, and a biotin moiety that allows enrichment of labeled peptides on a 
(strept)avidin column.10 The new generation of ICAT reagents has been improved with 
the incorporation of 13C instead of 2H (the latter shifting chromatographic retention time 
in reverse-phase HPLC)20, 21 and an acid-cleavable biotin that facilitates elution of 
enriched peptides. Since only peptides containing the low-abundant cysteine (occurrence 
in proteins: 1.7%)22 are labeled, ICAT-based quantitative proteomics studies result often 
in protein identifications based on low sequence coverage. ICAT reagents are, however, of 
particular interest when studying biological phenomena that involve cysteine residues, 
notably oxidative stress. 

Taken together, the limitations of currently available SIL technologies emphasize 
the need for the development of single-step global labeling methods that can be used for 
both proteins and peptides as well as low-molecular weight compounds, such as amino 
acids or oligoamines. 
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It should be noted that next to these commercial SIL techniques, there are a 
number of other methods based on the reductive dimethylation of amino groups with 
formaldehyde containing 13C and/or 2H, active esters of stable isotope-containing 
nicotinic acid, phenyl isocyanate or various acid anhydrides. Although some SIL reagents 
are targeted against thiol groups (i.e. cysteines in proteins) or carboxylic acids (i.e. the C-
terminus, aspartic acids and glutamic acids in proteins), most of them react with primary 
amines (i.e. the N-terminus or lysines). Amines present the advantage to be easily 
derivatized thanks to their nucleophilicity and the wide variety of available reagents and, 
in the case of shotgun proteomics, to allow the labeling of almost all generated peptides.3, 

5, 23 Primary amines can be modified using reductive methylation, reaction with 
2,4-dinitrobenzene or (sulfo)phenyl isocyanate, but these approaches are not as widely 
used as acylation.3, 23 Acylation is generally done with activated carboxylic acid esters (the 
use of acid anhydrides or carbodiimides is also possible) of which N-hydroxysuccinimide 
(NHS) ester derivatives (sometimes derivatized with sulfonic acid to increase water 
solubility) are most widespread due to their reactivity and the selectivity of these 
reagents. In chapter 5 we show the chemical labeling and enrichment of nitrotyrosine-
containing peptides using NHS-acetate to block all lysine side-chains and N-termini and 
NHS-biotin to biotinylate aminotyrosine. One of the problems with NHS-mediated 
acylations is the partial esterification of tyrosine,23-27 and of other hydroxyl-containing 
amino acids when present in certain sequence contexts.28-30 These esters can be 
hydrolyzed by the subsequent addition of hydroxylamine while conserving the more 
stable amide bonds. In chapter 3, we describe an alternative technique that is based on 
heating the sample in a boiling water bath to hydrolyze ester bonds. This approach avoids 
addition of chemicals or the pH change that is needed when using hydroxylamine. 
Although being often the method of choice in many studies, NHS esters are not the only 
active esters available. In chapter 4 we report the application of a new kind of synthetic 
stable isotope labeling reagents based on pentafluorophenyl (PFP)-activated esters of 
poly(ethylene glycol) (PEG) that react rapidly with primary amine-containing 
compounds. PFP esters were preferred in this case, because the final reagents were more 
easily purified in this activated form by silica gel chromatography.31-34 Furthermore PFP 
esters have a better stability to hydrolysis in aqueous solutions and a superior reactivity 
for aminolysis, compared to NHS esters.35 Interestingly, a recently reported SIL method, 
that is also based on the use of PFP-activated reagents, suggests that PFP esters retain 
sufficient reactivity at acidic pH (on the contrary of NHS esters) to label the α-amino 
groups at the N-termini of peptides selectively in the presence of lysine ε-amines. They 
might therefore be useful for specific N-terminal labeling.15  

The family of SIL reagents described in chapter 4 is based on the amine-
specific PFP ester and a mildly hydrophobic PEG chain containing increasing numbers of 
13C atoms. It should be noted that while the labeling strategy presented in this chapter 
was adapted to the labeling of low-molecular weight metabolites such as amino acids, this 
chemical reagent, which has been designed with its versatile physicochemical properties 
in mind, should also be applicable for the labeling of peptides or whole proteins, as shown 
in ongoing studies focusing on proteomics applications. It may also be adapted to the 
labeling of other functional groups than primary amines.  
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2. ELASTIN DEGRADATION 

Elastic fibres are found in the extracellular matrix of connective tissue, providing 
elasticity and resilience to tissues. These fibres are complex structures composed of two 
major components: an amorphous component, elastin, that constitutes the bulk of elastic 
fibres, and a fibrilar component, microfibrils (themselves made up of different proteins), 
which are rich in acidic glycoproteins and are organized in fibrils of beaded appearance. 
Elastin-rich tissues include aorta and major vascular vessels (30 +/- 2 % dry mass), lung 
(5 +/- 2 %), elastic ligaments (50 %), tendons (4 %) and skin (2.5 +/- 0.5 %).36 In the lung 
for instance, elastin fibres are probably the most important determinant of lung elasticity 
under physiological pressures. They can stretch up to 140% of their resting length before 
rupturing, whereas collagen, which contributes tensile strength to the lung, can stretch 
only about 2%.37 

Elastin has an unusual amino acid composition responsible for its characteristic 
physical properties, which makes it also one of the most hydrophobic proteins. Elastin is 
highly hydrated, despite its extreme hydrophobicity. The presence of water inside the 
elastin network space conditions elastin swelling and its elastic properties.38 Although 
there is some variation among different species, elastin of superior vertebrates including 
humans is composed to 75% of four hydrophobic amino acids (G, V, A, P), of which Gly 
alone constitutes more than 30% of the total content.36 The hydrophobic domains contain 
numerous overlapping repetitive sequences of aliphatic residues (P, A, V, L, I) interrupted 
by glycyl residues. The fundamental building blocks of these peculiar elastin sequences 
are GX, PX, GGX and PGX, where X = G, A, V, L or I. Elastin is extensively cross-linked at 
lysine residues.39 Some of the prolyl residues may be hydroxylated.40 

Elastin is secreted as a 72-kDa soluble precursor (tropoelastin) that contains an 
N-terminal 26-amino-acid signal peptide.41 Tropoelastin occurs as multiple, distinct 
isoforms due to extensive alternative splicing of a single-gene transcript.36 The structural 
units are covalently cross-linked via two special amino acids (desmosine and 
isodesmosine) formed by enzymatic oxidative deamination of lysine through the action of 
lysyl oxidase constituting a three-dimensional network.42 The formation of these 
crosslinks is essential for the unique properties of mature elastin.43 

Mature elastin is a remarkably stable, insoluble protein. It has been shown in 
adult rat lung that elastin turnover takes several years approaching the lifetime of the 
entire organism and this is likely also the case in humans.36, 44 This particular resistance 
can be partially explained by the fact that elastin is particularly resistant to proteolysis. It 
is for instance not cleaved by the commonly used enzyme trypsin. Enzymes able to 
degrade elastin are referred to as elastases, and are generally active on a large number of 
substrates besides elastin. Elastolytic activity varies from one elastase to another. 
Elastases may belong to the class of serine proteases, cysteine proteases or 
metalloproteases. In mammals, serine elastases have been studied most intensely and 
include pancreatic elastase, neutrophil elastase and cathepsin G.36 Blood monocytes can 
also produced these serine proteases, but after differentiation to macrophages, they 
produce matrix metalloproteases (MMPs) with elastolytic properties (e.g. some 
gelatinases (MMP-2 and MMP-9), matrilysin (MMP-7) and macrophage elastase (MMP-



Chapter 1 

 

6 

12)). Neutrophil elastase activity in the lung is controlled by α1-proteinase inhibitor 
(α1-PI). 

Elastin degradation does play a role in physiological events, e.g. pregnancy, 
growth, wound healing and tissue remodelling.36 However, inappropriate elastin 
degradation can also be implicated in pathogenesis of some cardiovascular45 and 
pulmonary diseases46 and an enhanced elastolytic activity in malignancies has also been 
observed.47-49 Increased elastolysis is also associated with normal ageing.36 

Although repair of damaged elastic fibres can occur, it does not seem to yield 
elastin of the original quality and the properties of the tissue may never return to the 
original state. It was, for instance, observed that lung tissue can repair after 
experimentally induced emphysema, with elastin levels going back to normal from a 
quantitative point of view, but qualitatively the elastin fibers were highly disorganised and 
not fully functional. The unique lung alveolar architecture is therefore very difficult if not 
impossible to reconstruct once damaged.43 

Elastin-derived peptides can be generated both chemically and enzymatically. In 
the case of proteases, elastolysis rates depend on the type of enzyme but also on other 
factors such as pH,50 ionic strength,51-53 (anionic) detergents,53 lysine-rich ligands,53 and 
hydrophobic solvents.52 Elastin-derived peptides can also be generated through chemical 
hydrolysis with oxalic acid (to obtain α-elastin) or potassium hydroxide (to obtain κ-
elastin). Although elastin is not susceptible to proteolysis under physiological conditions, 
elastin peptides can be generated under certain pathological conditions. 

More than being simple matrix degradation products, elastin-derived peptides 
can exert various biological effects. They are therefore part of a group of bioactive 
peptides termed matrikines, i.e. peptides originating from the proteolysis of extracellular 
matrix proteins with various biological activities. Elastin peptides have been shown to 
modulate the function of several cells including fibroblasts, smooth muscle cells, 
endothelial cells, macrophages, neutrophils, leukocytes, monocytes and lymphocytes. 
Elastin peptides have a chemotactic effect (this has been documented for numerous cell 
types but the corresponding signalling pathways were mainly studied in monocytes), 
induce cell proliferation and stimulate the release of proteases involved in further 
remodelling of the extracellular matrix (elastin peptides were shown to up-regulate MMP 
production in skin fibroblasts and HT-1080 tumour cells, a phenomenon related to 
matrix degradation and tumour progression). Elastin peptides were also shown to 
function as vasorelaxants, to stimulate the oxidative burst of leukocytes, to trigger the 
release of lysosomal enzymes from phagocytic cells, to increase the synthesis of 
endogenous cholesterol, to modify ion fluxes and to induce apoptosis at high 
concentrations.39 

Elastin peptides/fragments are a challenging task from an analytical point of 
view. Several techniques have been used to analyze large fragments of soluble elastin,, e.g. 
gel filtration,8, 9 hydrophobic interaction chromatography54 or reverse-phase liquid 
chromatography.11, 12 Gel electrophoresis of elastin peptides generally results in a smear 
rather than defined protein bands. Some adaptations of the gel electrophoretic conditions 
have been proposed, such as an increase of the SDS concentration in the sample and 
running buffers in SDS-PAGE55 or the use of an acidic-urea-PAGE system with the 
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addition of a non-ionic detergent.56. Finally, the use of mass spectrometry to identify 
elastin-peptides, although being a valid technique (see chapter 6), may be impaired by 
the fact that efficient ionization of peptides might be difficult due to a lack of basic amino 
acids and by the fact that the repetitive nature of the amino acid sequence of this protein 
makes it difficult to assign the identified peptides to unique positions in the protein 
primary sequence. 

There are several hypotheses concerning the enzymes that are involved in the 
degradation of elastin. For example, it is known from clinical studies that patients with a 
hereditary deficiency of α1-PI develop early and more severe lung emphysema,57 pointing 
towards neutrophil elastase as one of the major players in this disease. Whether this 
correlation also holds for patients with acquired emphysema such as smokers developing 
Chronic Obstructive Pulmonary Disease (COPD) is presently not well-established.58 The 
role of other proteolytic enzymes found in the lungs of patients with chronic inflammation 
is unclear. Preliminary data in the literature indicate that both MMPs and cysteine 
proteases of the cathepsin family may play an important role.59-62 However, many of the 
published data are based on in vitro or animal studies and a correlation with the human 
situation has in most cases not been established. It is thus of importance for the further 
development of diagnostic and therapeutic approaches to develop methods which will 
allow to assess the situation in COPD patients with respect to the proteases that are 
involved in tissue destruction and emphysema development. 

To get more insight into possible pathological mechanisms of COPD, we describe 
in chapter 6 a study aiming at the identification of peptides resulting from elastin 
degradation under the action of different proteases that have been described to play a role 
in different pathological conditions using liquid chromatography coupled to mass 
spectrometry (LC/MS). 

 

3. PROTEIN TYROSINE NITRATION 

The introduction about protein tyrosine nitration is developed in greater details 
in the Chapter 2 of the present thesis. 
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